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ABSTRACT

An investigation of condensers suitable for operation as components

of Space power systems operating on the Rankine cycle has been continued.

Several geometric variations of Jet condensers and direct (radiator)

condensers were tested and analyzed. The test fluid was mercury at

temperatures ranging from 500°F to 800°F. Vapor velocities ranged from

less than 20 fps to greater than 250 fps. Results of Jet condenser

analysis and testing are reported herein. Direct condenser analysis

and testing are reported in Part I of this report.

The Jet condenserinvestigation provided information on performance

characteristics of several geometries. Vapor inlet diameters of 0.19

inch and 0.75 inch were tested. Stable closed-cycle operation, simple

startup techniques, vapor-to-llquid outlet pressure rises, and high heat

transfer rates were characteristics of the condensers tested. Conversion

of thermal energy to pressure energy was demonstrated both by analysis

and experimental results obtained with geometries (converging-diverging)

designed to maximize pressure rise. Data are presented both to provide

information on the internal flow and heat transfer processes and also

to provide generalized relationships suitable for preliminary design.

All testing was performed with the condensers in a horizontal

orientation. The majority of test units utilized quartz walls for the

condensation region to enable visualization of the flow. High speed

(4000-8000 frames per second) motion pictures were taken Of jet conden-

sers during steady-state and transient operation. Single frame sequences

from these films are included in this report.
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i. INTRODUCTION

I.I Background

The majority of dynamic space power systems currently under

development utilize direct condenser-radiators as the heat rejection

component. However, problems of startup, system ground testing, two-

phase flow in a zero-gravity environment, and multl-tube instability,

have resulted in serious interest in the application of indirect con-

densers (Ref. 1,2). Moreover, the role of indirect condensers in sPace

will become much more prominent as power systems in the megawatt class

are developed. For these large power levels, the problems associated

with startup and stability of direct condenser-radiators may become more

severe. Also, preliminary analyses indicate weight savings may result

from the use of an indlrect condensing system (Ref. 3 and 4).

In the indirect type of condense_ vapor is first condensed in

a jet condenser or compact heat exchanger-condenser, and the heat

released by condensation is subsequently rejected in an all-liquid

radiator. Schematics of indirect condensing systems employing the

jet condenser are shown in Fig. I.

In the Jet condenser, subcooled liquid working fluid is '

injected into the vapor stream. Physical mixing of vapor and liquid,

and subsequent condensation of the vapor occur within a relatively

short distance downstream of the region of injection. The resulting

condensate-llquid flow circulates through a liquid radiator where the

heat absorbed by condensation is rejected. Part of the resulting

subcooled liquid is bypassed and injected into the jet condenser. The

remainder is returned to the boiler to complete the flow cycle.

The jet condenser component is very compact relative to a

d_rect condenser-r_a1_tor or a heat exchanger condenser. Moreover,

1588-F inal II 1



la. Jet circulation pump
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this unit may provide significant pressure augmentation to circulate

the liquid in the liquid-radiator loop. The amount of pumping power

required for the bypass flow would depend on the net pressure drop

experienced in the liquid radiator loop (Pi - P )" In particular, fora

LL _ _ L

= P - is equal to the sum of the injection pressure drop( L_Pa a Pv )

( _Pi = P'l - Pv _ the liquid radiator pressure drop ( _LR = Pa - Po )

and the total line-pressure drop (_P_ = Po - Pi) , no external pressure

boost would be required during steady-state operation to circulate the

injected liquid flow.

Figure I depicts three possible arrangementsfor a jet condenser

system. In the first (la), a greater flow rate than that required

for the boiler is pressurized by the boiler inlet pump. The excess is

bypassed and is used in a jet pump to boost the pressure of the liquid

by the amount required to effect injection of the required liquid flow

rate into the condenser.

In the second system shown (Ib), the jet pump is eliminated.

This configuration wou_d be feasible if the jet condenser pressure rise

were sufficient to maintain circulation in the liquid loop and if

stable operation could be achieved in the system.

The third configuration (Ic), uses two circulation pumps.

This arrangement might be required for applications where valving

and controls were not adequate to maintain accurate flow division. Also,

startup would probably be simplified over the arrangement in la.

The jet condenser appears to have many characteristics which

favor its application to space power systems operating on a Rankine

cycle. Use of the jet condenser can result in very high condensation

rates and therefore a very compact unit. Augmentation of the primary

pumping power, stable operation and simple startup techniques are also

possible. The jet condenser appears to be insensitive to gravity forces

as is the liquid radiator component of this system.

Jet condensers have previously been used in small steam power

plants, for boiler feed water circulation (in place of a rotating pump)

1588-Final II 3



and for several process applications (Refs. 5, 6, 7). In addition, use
has been madeof the basic momentumexchange process for steam ejectors

(Ref. 7) to provide thrust and control turbine back pressure in torpedo

powerplants (Refs. 8 and 9). However, none of the above applications

have resulted in published information which is suitable to determine the

required performance characteristics of jet condensers when used with

liquid metals. As a consequence, the second phase of the current investi-

gation was initiated to determine jet condenser performance characteristics

with a liquid metal, mercury, as a test fluid. The primary objective

of the program was to obtain experimental data suitable for preliminary

design of a jet condenser in a mercury Rankine cycle power system.

1.2 Principal Results of Previous Work

1.2.1 Results with Water as a Workin$ Fluid

Although jet condensers have been used with steam for

70 to 80 years, analyses or experimental data for the internal flow

processes and/or performance characteristics are not widely available.

Some of the more significant investigations of steam jet condensers

have resulted from their more recent use in torpedoes. High thrust,

efficiency, and powerplant control requirements have necessitated

more detailed knowledge of operation of these condensers than was

required for steam powerplant applications.

Reference 9 reports on one of a series of experimental

investigations conducted upon jet condensers to determine their thrust

augmentation characteristics for torpedoes. Internal measurements

were made of temperature, static pressure, dynamic pressure and

momentum in both the vapor and subcooled liquid. Some results of the

pressure measurements are presented in Section 2 to illustrate some of

the internal flow characteristics. These tests provided very useful

information which enables an interpretation of the physical mechanisms

and flow processes in jet condensers. However, in general, variables

were not extended over a wide enough range to provide design data for

other fluids or geometries.

1588-Final II 4



A theoretical analysis of the pressure rise in a jet

condenser used to condense turbine exhaust gases ("condensuctor") is

reported in Ref. 8. Here the author treats the cases of a constant*

area mixing chamberand a constant pressure mixing chamber. The effect
of noncondensable gases is included in this analysis. The results

mixing if high pressure rise or thrust augmentation is desired.
Earlier investigations at Electro-Optical Systems

included an experimental and analytical evaluation of jet or spray condenser

performance with steam and water during a six-month program sponsored

by NASA(Ref. 4). The particular configuration tested consisted of
inclined jets of subcooled water injected from an annulus into a

central delivery tube through which steam flowed. The jets impinged at
the axis of the tube to produce a stream of subcooled liquid which

ranged in character from a highly dispersed spray to a turbulent jet.

Test results were found to agree with Calculated values of pressure rise

to within 80 to 90 percent of theoretical for cases where moderate conden-

sation lengths were involved. Condensing coefficients were obtained which
were oneto twoorders magnitude higher than those reported for film or drop-

wise condensation. This result is in agreement with qualitative observations

of Ref. 9. Another important result of this early work was the demonstra-

tion of jet condenser effectiveness in performing the final separation of

vapor and liquid independent of gravity. That is, the units tested were

operated with both horizontal and vertical upward flow such that gravity

did not aid in the final separation of vapor and liquid.

1.2.2 Results with Mercury as a Working Fluid

The only known previous work performed on the use of jet

condensers for mercury was conducted at Electro-Optical Systems and is

reported in Ref. 4. Pressure rise and heat transfer characteristics of

two test geometries were analyzed and results were used to correlate test data

obtained for condensing mercury vapor. As with the water testing,

the injector consisted of an annular header containing constant diameter

1588-Final II 5



injector holes inclined to produce a conical array of impinging jets
at the centerline of the condenser tube. Vapor flowed through a

central delivery tube and was condensed in a constant area mixing

chamber. A schematic and photograph of these early units are shownin

Fig. 2. The internal diame=er of the vapor tube was 0.19 inches.

Mercury flow rate was varied from about 12 to 25 ib/hr; mass flow ratio

of injected liquid to vapor was varied from 7 to 35 and vapor tempera-

tures ranged from 700 to 860°F.

High heat transfer rates were obtained with mercury, as

with water. In addition, the experimental pressure rise from vapor

to condensate at the outlet agreed both in trend and magnitude with

the analysis. The length required for complete condensation of

the vapor was correlated using the parameters of the heat transfer

analysis. However, the use of impinging jets and the resulting complex

flow resulted in a correlation of test results which probably does not

possess sufficient generality for design of other geometries. In
addition, these units provided relatively poor pressure rise character-

istics comparedto othe_ geometries.
To surmnarize, jet condenser principles have been under-

stood and used for a relatively long period of time. However, although

general performance characteristics are known, no previous work had

supplied experimental data which was sufficient to provide a basis

for design of such a component for a space power system using a liquid

metal. This is particularly true for the case where such a component

is to have a high pressure rise.

1.3 Scope and Objective of Present Program

In order to provide design data for mercury jet condensers, the

theoretical and experimental investigations reported in Section 1.2

were extended. Improved injector (central injector) and mixing chamber

(c0nvergent) geometries designed to achieve higher pressure rise were

tested over a wider range of test variables. Improved and more compre-

hensive measuring techniques were utilized. While emphasis in the

earlier program had been placed upon the attainment of high heat

1588-Fina i II 6
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transfer rates, the present program also considered maximization of

vapor to condensate pressure rise. In order to provide a guide in the

design of test geometries and selection of the range of variables,

additional analyses of pressure rise were performed for these geometries.

1.3.1 Theoretical Analyses

The most important analyses conducted on this program

were related to the pressure rise performance of jet condensers. Geome-

tries were conceived and analyzed to maximize the pressure increment from

inlet vapor to condensate outlet. Several different special cases of

the more general pressure rise equations were considered in order to

identify important parameters in the condensation process, as well as to

guide testing. Results of one of these cases (constant inlet pressure

model) may be useful for extension of test results. Because of diffi-

culties encountered in achieving independent experimental variations of

the important operating parameters, use of non-dimensional parameters

of the analysis were required to characterize performance.

Other analyses carried out where:

I. An improvement of the heat transfer analysis

presented in Ref. 4.

2. An energy analysis which indicates the magnitude of

the conversion of thermal energy to pressure energy

in jet condensers.

3. Modification of the pressure rise analysis to

express the pumping power output of jet condensers

in terms of performance parameters.

1.3.2 Experimental Prosram

The experimental program was intended to provide

performance data over a sufficiently wide range of variables and

geometries for use in the preliminary design of jet condensers for space

power systems. In order to accomplish the above objective, test

sections were chosen which, while possessing many geometric features

which may be used in a system, also had sufficient simplicity to

enable test results to be correlated in terms of more basic flow

1588-Final II 8



and geometric variables. Test performance characteristics then may
be used together with results of the analysis to identify someof the

more important features of operation of jet condensers. In order to

make test results applicable to design, the range of test variables was

a_e_m_n_ 1_'_1v by considering mercury =_=r_ po_._r _yq_Pm_ pr_nt]y

being developed (Sunflower, SNAP-2, SNAP-8).

Among the more basic factors to be investigated

during the experimental program were:

i. Feasibility and performance of a single central

liquid injector.

3. Performance characteristics of jet condensers

designed to achieve higher pressure rise.

4. Application of scaling relations to results

obtained with smaller geometries.

In order to accomplish the above, several series of

tests were conducted. These tests are sunmmrized in Table I. The

first series consisted of tests of a central injector-constant area jet

condenser. These tests were conducted at flow rates and with other

operating variables similar to those tested with impinging injector jet

condensers to determine their heat transfer characteristics. In

addition, a high speed photographic study was made of the process of

interface formation in order to gain insight into physical behavior.

The heat transfer results were used to provide information on the

variation of condensation length with vapor and liquid flow parameters

in order to estimate throat location for the desired operating conditions

for variable area jet condensers.

Several (four) converging-diverging jet condenser

geometries were fabricated and tested to assess their performance and

determine the pressure rise characteristics of each geometry. These jet

condensers used central injectors and the same inlet geometry as the

constant area-central injector unit previously tested. Results of the

constant area testing were, therefore, used to determine throat location
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TABLE I

JET CONDENSER TESTS

,

.

.

.

Test Unit<s)

Constant-Area Central Injector

(0.I_' vapor inlet diameter,

Test Sections i and 2)

Converging-Diverging Central

Injector (0.19" vapor inlet

diameter, Test Sections 3, 4,

5, and 6)

Converging-Diverging Central

Injector (0.75" vapor inlet

diameter, Test Sections 7 & 8)

Mul£itube Jet Condenser

(3 units, 0.43" vapor inlet

dlameter, Test Section 9)

Purpose

Determination of feasibility of a

central injector. Data on changes of

condensing distance and pressure

rise as operating parameters are

varied. Study of time-history of
interface formation.

Determination of feasibility of the

use of the converging-diverging

geometry to obtain higher pressure

rise. Comparison of heat transfer

and pressure rise data with constant
area test unit. Data to enable an

estimation of performance of

converging-diverging units in

larger systems.

Provide design data over a range

of variables for a larger geometric
size where better dimensional control

was available. Investigation of

gravity effects(if any) on perfor-

mance of a larger unit. Comparison

of performance with smaller units.

Investigation of the effect of a

constant area throat on range of

operation and/or performance.

Preliminary investigation of

scaling.

Determination of feasibility of

manifolding jet condensers. Evalu-

ation of changes in Performance

and/or stability characteristics

when manifolded.
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for these geometries (where little freedom in the variation of

condensation distance was possible). These units were tested over a

wide range of variables to determine their pressure rise, heat transfer,
and stability characteristics. In addition, one test section was

u_,=L_L_uLV _,_ ,_,,u,, p_ULC L_U W,_, L,_ test _uuF w_s capau_e

of containing in order to ascertain if there were any inherent limit

in pressure rise imposed by thr_ jet condenser component itself.

The results of testing of these smaller diameter

geometries (together with analysis) were used to design two larger test

units. The large geometries utilized the full vapor and liquid flow

capacities of the test loop. These units were tested over a wide range of

variables in order to substantiate the validity of the scaling tech-

niques used. Pressure rise, heat transfer, and stability of these

units were examined, lligh speed motion pictures were taken to provide

an insight into the internal flow processes.

In addition, since the larger geometric size of these

units permitted more consistent jet alignment and better relative

dimensional tolerances; tests were conducted in order to compare

experimental results with analytical predictions. Variations in density

ratio were made in order to maximize vapor velocity and provide results

which may be applicable to other fluids. Results were correlated and

analyzed and are presented in the form of design relationships, suitable

for preliminary design of a jet condenser. In addition, transient

behavior of the jet condenser for sudden changes in interface location

during startup and shutdown were recorded.

A multitube jet condenser was fabricated and tested in

order to determine the feasibility of manifolding several small units

to condense a large vapor flow. Three identical units, which were based

on the design of previous test sections, were operated in the i0 kw test

loop. Results were obtained which indicate some changes in performance

characteristics compared to single units.

The experimental portions of this program were not

intended to supply information for the design of a jet condenser for
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one specific requirement nor were they intended to provide basic

information on the internal flow processes. Rather, the results are

intended to provide a general background of jet condenser performance

characteristics, so that a rational basis will be available for

L_tla_
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The main purpose of the following discussion on internal flow

processes is to suggest a model for the physical behavior of jet conden-

sers which can be used as a basis to interpret and evaluate results of

the analysis and experiments. In addition, someof the more important

performance parameters and variables are summarizedin Sections 2.2

and 2.3 to provide the designer with an understanding of these quanti-

ties and how they relate to jet condenser operation in a system.
2.1 Internal Flow Processes

, ,, , i J

Schematic illustrations of two types of jet condensers are

presented in Fig. 3. Many possible variations of injector, mixing cham-

ber, and throat geometry exist. However, this figure presents two

simple geometries, converging-diverging and constant area, similar to

those investigated on _his program.

Vapor flows from left to right and enters the condenser at

Station 0. At that location subcooled liquid is also injected in the

form of a central jet. Vapor and liquid flow concurrently through a

mixing chamber with simultaneous mass transfer, heat transfer and

momentum exchange occurring. Finally, with sufficient heat exchange

between vapor and subcooled liquid, at some location within a throat

(or the mixing chamber) complete condensation of the vapor will occur.

In a closed cycle system the resulting liquid flow is sub-

cooled in a liquid radiator. A portion is returned to the boiler to

generate vapor, while the bulk of the flow (now subcooled) is injected

into the condenser (cf. Section I).

A complete description of the physical mechanisms of heat,

mass, and momentum transfer across a vapor-liquid interface is currently

not available, even for the case of a non-flowing system with moderate

rate processes, such as dropwise or f_im condensation on a wall. For
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FIG. 3 SCHEMATIC OF JET CONDENSER GEOMETRIES
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the jet condenser, further complications arise due to the presence of

turbulent flow and very high transfer rates. In fact, the vapor-

liquid "interface" is probably not a distinct boundary, but instead

is a narrow region containing both phases. However, some insight into

these phenomena can be obtained by considering some features uf th_

flow within each phase.

2.1. i Vapor Transport

The transport of vapor from the main flow stream to the

subcooled liquid jet is primarily a result of the pressure difference

from the main vapor stream to the subcooled liquid boundary. For a

free boundary with no net mass transfer, the vapor pressure at the

boundary must be in equilibrium with the saturation pressure of the

liquid phase (neglecting surface tension effects). That is:

P_b _ Ps (Tib)z (i)Pvb

Very strong pressure gradients within the vapor are likely

to occur at the initial location of injected liquid. Here, the liquid

is at the lowest temperature in the mixing chamber and the corresponding

saturation pressure is lowest. Thus a rather strong interaction with

the vapor flow and correspondingly, high initial condensation rates are

possible. The maximum vapor flow rate which can be condensed on the

jet at this point is determined by the jet area and the sonic velocity

of the vapor (Ref. i0). However, as vapor is condensed on the jet, the

heat released by condensation results in raising the jet temperature

and liquid saturation pressure. Hence the pressure difference between

the main vapor stream and the liquid jet is reduced, and the flux of

vapor to the jet decreases.

The decrease of the pressure gradient of the vapor would

modify both the vapor flux and the shape of the vapor streamlines. For

example, Figure 4 is a schematic representation of a typical axial

distribution of vapor condensation (Ref. II) and a construction of the

corresponding vapor streamlines, resulting if the jet is treated as an

idealized mass sink. The entering streamlines which are close to the
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jet are strongly affected and would probably merge into the liquid phase at
steep angles, within a relatively short axial distance. Those further

from the jet are less influenced by the local liquid surface pressures
and gradually mergewith the liquid phase. In this figure, the stream-
lines appear to terminate, since the jet was represented as a mass sink.

However, in the actual case the vapor particles becomeliquid particles
aLAIA L. LA_ _ LL _LllJ. _ _. _L _LL_ _ LL_LL

An increase in the temperature of the liquid jet at the surface

(which tends to reduce the condensing vapor flux) will result as the bulk

or mixed cup temperature of the jet increases due to heat addition from the

condensing vapor. A temperature gradient within the jet is required to

remove the heat of condensation released at the surface; thus the surface

temperature will be greater than the bulk temperature for heat transfer

into the jet.

These effects are illustrated in Fig. 5, an idealized represen-

tation of the vapor and liquid temperature gradients at different axial

locations in the mixing chamber. The initial temperature field (at 0)

consists of a large local temperature (and pressure) gradient in both the

vapor and liquid near the interface. However, as heat is transferred, due

to condensing vapor, the bulk temperature, Tj, is raised and the tempera-

ture gradient within the liquid phase decreases. The temperature at the

jet surface, T%b , is probably increased, as the vapor temperature gradient

decreases. Finally as Complete condensation of the vapor is approached,

the bulk temperature of the fluid approaches its final value. The

difference in free stream vapor pressure, P , and the saturation pressurevo

for the bulk temperature, Ps(Tj), may still be a significant quantity.

However, the surface temperature of the jet, T%b, must be greater than the

bulk temperature, Tj, to transfer heat to the interior. Therefore, the

local vapor pressure difference, Pvo-Ps(T%b)' may be very small, with

resulting low values of local condensation rate.

2;1.2 Heat Transfer in Liquid Jet

The heat transfer from the liquid surface to the interior is

a combination of both conduction and turbulent exchange within the

liquid. For fluids having lower values of thermal diffusivity, such

as water, turbulent transfer of heat is probably the dominant mechanism.

However, both modes of heat transfer may be important in liquid metals,

where the higher values of thermal diffusivity are experienced.
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The capacity of any given portion of the injected liquid to

absorb heat is related to the time it spends in contact with the vapor.

That is, a particle of liquid spending an infinite period of time in

the vapor will eventually absorb the amount of heat which raises its

temperature to the temperature of the vapor. If the velocity of the

injected liquid is specified, the residence time of liquid in vapor

(a n_nnn_"inn.c, 1 t'n t'h_ 1,_nat'h f_nm t-h_ nn_nt" nf _n_et-lnn _o I-h_ fin,-_l

vapor-liquid interface. Therefore, an analysis of the transient heat

transfer process occurring within the jet can be performed (with the

proper simplifying assumptions) which expresses the heat absorbed in

the jet (or condensation rate) as a function of axial distance traversed

in the condenser (cf. Section 3).

2.1.3 Pressure Distribution and Interface Formation

The condensation of vapor upon the liquid jet produces a

sizable conversion of thermal energy to mechanical energy (pressure or

velocity head). This conversion process has been demonstrated both

by analysis and experiments (cf. Sections 3 and 5). The question may

then be raised as to what effect the addition of this mechanical

energy has upon the shape and character of the injected liquid.

Moreover, what force mechanisms are present to produce all-liquid flow

at the outlet when stratified vapor-liquid flow occurs upstream?

Qualitative answers to both questions may be postulated by

considering the momentum exchange process, previous work on the stability

of jets, and previous internal measurements made across vapor-liquid

interfaces.

For the case where large condensation rates occur, Equation

(i) must be modified to account for momentum exchange from the vapor

to liquid. For a liquid surface which is not accelerating in the

direction of vapor flow, it can be shown that:

WV
c c

P_b " Pvb_ g (2)

Hence, if the net local condensation flux(per unit area) W , and vapor
C

condensation velocity, V , are very high, such as may occur ae eh= inlet
- " C " - ....
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regions, the liquid pressure at the jet boundary may be maintained

at significantly higher values than the vapor pressure at that

location. However, at downstream locations, Q and V may decrease
c c

to the extent that the pressure of the liquid at the surface is

nearly equal to the vapor pressure at the surface. At these locations

the jet pressure at the surface will probably never be greater than

LL_L_ .IL. J. _ _ 0 L. JI. S_Q*.U VCs _ _1. [._ J. _:_ 0 0 U L. _: _ WL_.L _,LI, J.D LI, C: O, JL..L _ L J, I* C: _ L C: _ ,'_U L t_ %J.L L Llq:::

liquid jet as it enters the mixing region). Thus the following set

of circumstances exist: significant amounts of vapor thermal energy

have been converted to mechanical energy and added to the jet by the

time it reaches downstream portions of the mixing chamber; however,

the surface pressure of the liquid jet is no greater than, and

probably less than the initial jet pressure.

These two apparently contradictory statements are compatible

if one of several flow phenomena occur:

i. At downstream stations, liquid within the jet

interior may be at higher pressures than the liquid

at the jet surface (a positive radial liquid pressure

gradient) .

2. The entire jet may be accelerated to a velocity

greater than the initial velocity.

3. Local portions of the jet at the surface could be

accelerated to higher axial Velocities and lower

pressures than the main body of the jet.

In the actual internal flow of jet condensers of the types

described, all three of these flow situations will probably occur

simultaneously. However, it may be profitable to examine the physical

significance of eac_ individually.

An internal pressure distribution within a free liquid jet

with condensation has been determined experimentally. Reference 9

reports static pressure and temperature probes within a jet condenser

which consisted of an annular water jet (_n air) surrounding a steam

cavity. Figure 6 gives the approximate vapor cavity contour (as
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established by temperature probes) and Figure 7 reproduces the radial

pressure distributions at several axial locations from the injector.

The approximate locations of the vapor and liquid phases are indicated

by the dashed lines.

It is of interest to note the static pre_qure distributions

for axial Stations 2-5. An approximately constant radial pressure

profile exists within the vapor phase. However, the pressure increases

steeply from the liquid-vapor interface to the colder portions within the

liquid phase.

The pressure distribution at the first station has particularly

interesting features. At this location (where high condensation rates

prevail) a sizable radial pressure gradient occurs within the vapor, in

the direction to induce a component of vapor flow towards the subcooled

liqui d . However, at the liquid surface a very steep gradient in the oppo-

site direction occurs, which results in the liquid pressure at the surface,

P_b' being higher than the pressure in the colder parts of the jet, P_i"

That is, if Equation (2) is applicable, W and V are very high at the
c c

entrance and, P_,b >> Pvb .and Psb > P_i"

The most significant implication of the occurrence of a

radial pressure gradient within the liquid, is that it provides a

force mechanism for forming the final vapor-liquid interface. As a

result of the radial liquid pressure gradient, the liquid flow acquires

a radial component. This can be seen from the figures shown. At station i

a strong radial liquid pressure gradient occurred in the outward direction

(away from the vapor cavity). Examination of Fig. 6, the observed con-

tour of the vapor cavity, reveals that the cavity opened somewhat after

station i. On the other hand, the downstream stations exhibit radial li-

quid pressure gradients toward the vapor. Inspection of the contour

shows the cavity to be closing at these stations.

For the case of a jet condenser with a central liquid jet the

following steps in the formation of the final interface are postulated

and are illustrated by Fig. 8:
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i. At the point of injection , rapid condensation upon the liquid

jet occurs. This results in a negative radial liquid pressure

gradient, which in turn results in a reduction in the jet ra-

dius and produces surface waves which may or may not be ampli-

fied by the interaction of the vapor stream with the surface

(station i).

2. As condensation on the jet occurs, the jet temperature in-

creases in the axial direction, suppressing condensation in

the downstream regions.

3. As lower condensation rates occur, the liquid surface pressure

is reduced to be more nearly equal to the vapor pressure, due

to the decrease in the flux of vapor momentum received by the

jet. This results in the establishment of a positive radial

pressure gradient in the liquid (station 2).

4. The positive radial pressure gradient in the liquid results

in a radial flow component in the liquid which tends to reduce

the vapor flow area and fill the condenser flow passage.

5. When the passage is filled, the walls result in the establish-

ment of a uniform radial pressure profile within the liquid.

It should be noted that the jet profile sketched in Fig. 8 was

taken from a single frame of Fastax motion pictures (8000 frames per

second) taken of a jet condenser operating with mercury (cf. Section 5).

The latter two flow phenomena (accelerating jet and high sur-

face velocities) occur when the mechanical energy of the jet is increased

by increasing liquid kinetic energy. Increasing the liquid velocity

provides a means whereby the average total pressure

i_bi b p_V2£_.b (P_ + _7ar of the jet may be increased when the liquid

pressure at the boundary is equal to vapor pressure. This behavior may

predominate whent the liquid phase is injected at lower vplnr_es and

is initially very subcooled. The jet then is accelerated and reduced
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in area and becomesvaricose. Surface waves are formed and are rapidly

accelerated to high velocities by the vapor shear and condensation forces.

This general situation is illustrated in Fig. 9, (which is taken from a

high speed motion picture of a jet condenser operating with lower liquid

velocities than those of Fig. 8).

The high heat transfer rates and large pressure gradients

(relative to condensation on a wall) occurring in jet condensers, result

in a final separation of the vapor and liquid which is not strongly

influenced by gravity body forces. This is particularly true if the

final expansion of the jet required to fill the flow passage is small.

The positive separation results in single phase flow out of the mixing

section or throat. Therefore, effects of the increase in mechanical

energy of the liquid can be treated in a conventional manner downstream

of the interface.

2.2 Identification of Performance Parameters

The internal flow processes described in the preceding section

are characterized by overall performance parameters which, in general,

must be known for preliminary design of a jet condenser heat rejection

system. The more important of these parameters (from the standpoint of

system design) will be identified and discussed in this section. The

influence of geometry and flow conditions upon these parameters will be

indicated in the following section.

Condensation Length

The length required for complete condensation of the inlet

vapor flow is an important operating parameter. Lower values of conden-

sation length are a result of higher condensation rates and provide a

smaller, lighter weight jet condenser. For a given geometry, information

on the variation of condensation length with flow conditions is required

to ensure that condensation occurs within a prescribed distance down-

stream of the injection plane. In addition, there are regimes of opera-

tion where condensation _°A_L,_=.... is very sensitive to =I .............._uw p=LLuruaE_ons.

These regimes must be known and avoided for stable condenser operation.
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Mass Flow Ratio

For a given set of operating conditions the mass flow ratio

of injected liquid to condensing vapor must be known to enable accurate

flow division for closed cycle operation. In addition, the value of

mass £1ow ratio strongly influences the pumping power, liquid radiator

temperature drop, start-up characteristics, and fluid inventory.

Liquid Radiator Temperature Drop

The temperature rise from injected liquid to the liquid at

the outlet of the jet condenser is nearly equal to the temperature drop

across the liquid radiator in a jet condenser heat rejection system.

Operation with larger values of this temperature difference means a large

temperature drop would have to occur through the radiator, which would

result in an average radiating temperature lower than vapor temperature.

Since heat rejection from that component to space is proportional to

its temperature to the fourth power, higher values of temperature drop

require larger areas for the liquid radiator and vice versa.

Outlet Subcooling

The jet condenser must always have some terminal temperature

difference (as must any heat exchanger) from vapor to liquid to effect

the transfer of the total heat released by the condensing vapor to the

injected liquid, within a finite distance. The amount of subcooling

required has an important effect on the average temperature level and

on the area of the liquid radiator component. Smaller values of outlet

subcooling result in the inlet temperature to the radiator being nearly

equal to vapor temperature (the highest temperature possible) which

results in the smallest liquid radiator. The outlet subcooling is also

related to the excess mass flow ratio required above the mass flow ratio

which would be required if the condenser could be operated with outlet

_emperature equal to vapor inlet-temperature. For a given value of

radiator temperature drop, lower values of excess mass flow ratio also

imply smaller liquid radiators.
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Pressure Rise from Inlet Vapor to Liquid Outlet

One of the most significant features of jet condenser operation

is the occurrence of a pressure rise through the condenser. Proper

design of a jet condenser produces a pressure rise due to conversion of

vapor thermal energy and recovery of the injected liquid dynamic pressure.

This pressure rise characteristic obviates some of the problems associ-

ated with pressure drop in direct condensers. Under favorable circum-

stances, it may be possible to utilize this pressure rise to augment or

even replace the liquid loop circulating pump in a Rankine cycle system•

This pressure rise in itself is important to system design. However,

several other performance parameters are required to fully evaluate the

pressure augmentation performance of a jet condenser.

The ratio of pressure rise to vapor dynamic pressure provides

a convenient non-dimensional reference for the pressure rise. For a fixed

set of vapor inlet condltlons, this parameter is directly proportional

to the absolute magnitude of the pressure rise.

The theoretical pressure rise in a jet condenser can be readily

calculated based on appropriate models for the wall pressure distribution

in the geometries used (cf. Section 4.4). Comparison of the actual pres-

sure rise to that calculated for this model provides a basis for extending

results to other geometries and flow conditions.

Ratio of Pressure Rise to In_ected Liquid Dynamic Pressure

For a perfect injector (discharge coefficient of unity and no

losses) this parameter expresses the ratio of pressure rise to thepres-

sure drop required to inject liquid into the jet condenser.

Values of this ratio which are equal to or greater than unity

mean no net pumping power would be required to operate the jet condenser

if no other pressure drop losses (such as line or liquid radiator losses)

occurred through the rest of the system.

Jet Condenser Power

For all real applications, the net pumping power required to

ooerate the jet condenser ,, +_ must _ A_+_--_Asjs ..... This will include
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line losses, liquid radiator pressure drop, and the pressure drop (if any)

required to operate the jet condenser. The net power output of the jet

condenser which is available for liquid loop circulation is defined as

the jet condenser power. For many applications this term may be positive;

that is, the jet condenser contributes power to the circulation of the

liquid which is in excess of that required to operate the condenser it-

self. The device then becomes a combination condenser and vapor driven

pump.

Performance of the jet condenser with high values of power

output has an influence on the weight optimization and reliability (if

the circulating pump were eliminated) of a jet condenser system. Nega-

tive or low values of power output could result in a large pumping

power weight penalty required to operate such a system. This penalty

would indicate use of lower injected liquid flow rate and hence higher

radiator temperature drop. Positive values of jet condenser power mean

the liquid radiator could be operated with high circulation rates (low

values of radiator temperature drop) without sizable pumping power

penalties.

2.3 Principal Variables Controllin_ Performance

2.3.1 Geometric Variables

Several geometric variables must be considered in the

design of a jet condenser. Among these are injector type, mixing chamber

geometry, throat and diffuser geometry. A general treatment of the

more important effects of these variables will be presented.

In.lector

Perhaps the most fundamental consideration in design

is the type of liquid injector to be used. Injectors may range from

very simple geometries (central liquid delivery tube surrounded by vapor

delivery tube) to more complex (multiple impinging jets or swirl nozzles).

In any event, the fundamental characteristic behavior of any type must

be related to the desired performance. For example, efficient pressure

recovery in a jet condenser is favored by a coherent, axially directed,
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liquid stream, such as that produced by a central injector. Howe_er,

injected liquid in this form presents a relatively small surface for

condensation. On the other hand, rapid condensation would be promoted

by a finer dispersion of the liquid phase, such as might be produced by

impinging jets. However, kinetic energy of the injected liquid must

be expended in an irreversible manner in the liquid breakup processes.

Consequently, the available pressure rise is decreased by using this

type of injector. In a preliminary design, some type of compromise

would probably be made, depending upon the weight to be given various

operating characteristics.

Mixin_ Chamber Geometry

The two basic types of mixing chambers considered were

the converging and the constant area geometries. Greater stability,

higher pressure rise and higher condensation rates usually will result

from the use of a converging geometry. However, a constant area geometry

can provide for greater variation in condensation length without a

severe change in operating characteristics. The effects of wall contour

for the converging geometry are not understood at present. An estimate

of the contour can be made if some criterion such as constant vapor pres-

sure or constant vapor velocity is adopted. However, any results would

probably not be meaningful in terms of the actual flow. In general,

however, for a given condensation distance, the transition from initial

vapor flow area to the area at the throat should probably be gradual

and avoid sudden changes in flow area which might produce separation of

the boundary layer.

Throat-Diffuser Geometry

For the case of a constant area jet condenser, the

throat becomes identical to the mixing chamber and no significant re-

quirements may exist for a diffuser. However, for a converging mixing

chamber, the interface will probably be located in a constant area throat.

The flow area of the throat should be nearly the same as that of the

injected liquid lot efficient pressure recovery and maximum stability.

Losses and fluctuations which would result from the rapid expansion of
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liquid flow area at the location where the final interface is formed

would be eliminated.

Provision of a throat with a constant area length re-

suits in a geometry which may accommodate changes or fluctuations in

condensation length without seriously affecting overall performance.

Design of the diffuser is dependent upon the circulation velocity and

pressure desired for the outlet liquid. Diffuser angles and contours

can be chosen from standard single phase flow theory.

2.3.2 Flow Variables

Several flow variables were presented as performance

parameters in Section 2.2. In this section, therefore, the discussion

will be centered on the general effects of these and other flow vari-

ables upon condensation length, Lc, and pressure rise, APa" Among the

more important of these variables are inlet liquid velocity, V%o ,

inlet vapor velocity, Vvo , inlet vapor pressure, P outlet subcooling,. VO '
o

ATsc , and mass flow ratio, mR;

Liquid Velocity

The Velocity of the injected liquid is very important

in determining both the condensation length and pressure rise. Lower

liquid velocities produce a greater residence time of liquid in vapor

for a given condensation length. For a given condensation length,

lower liquid velocities may reduce the outlet subcooling and for the

same amount of heat transfer, shorter condensation distances are

possible. However, use of a lower liquid velocity (or mass flow ratio)

results in a lower total pressure rise (although the je t condenser

power output may increase).

Vapor Velocity

High values of inlet vapor velocity are very desirable

in jet condensers. Higher velocities promote physical mixing of the

vapor and liquid which effects higher condensation rates. In addition,

both the total pressure rise and jet condenser power output increase

with increasing vapor velocity.
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Vapor Pressure

The vapor pressure at the condenser inlet will generally

be fixed by the design vapor inlet temperature. However, it should be

noted that higher vapor pressures (and densities) result in increased

condensation rates (shorter condensation distances). For the same vapor

velocity, higher values of vapor pressure also result in higher pressure

rises.

Outlet Subcoolin_ and Radiator Temperature Drop

The ratio of these two parameters has probably the most

direct effect upon the condensation length. The more subcooled the

liquid is, with respect to the overall temperature rise of the injected

liquid, the greater is the driving potential for heat transfer. Thus,

the smaller values of the ratio ATsc/AT R produce longer condensation

lengths and vice versa.

To summarize, the discussion of jet condenser operation

and performance characteristics has necessarily been simplified due to

lack of knowledge of the internal flow processes, Experimental information

on performance will be presented later in Section 5. However, this section

has attempted to present a general understanding of the more important

operating principles and characteristic performance of jet condensers

which will serve as guide in evaluating and interpreting test results.

1588-Final II 31



THEORETICAL ANALYSISJ,

Analyses of the internal heat transfer and overall pressure rise

characteristics of jet condensers were conducted during this program. The

limited information available on the internal flow processes has the

effect of limiting the accuracy of performance calculations. However, an

indication of the important non-dimensional variables as well as approxi-

mate values of performance parameters have resulted from this effort.

3.1 Constant Area Pressure Rise Analysis

The first configuration considered for analysis was that of a

constant area jet condenser. The pressure rise in a constant area

geometry may Be explained qualitatively by examining Fig. 3-b. Vapor

and subcooled liquid are injected into the test section or condenser

at station O. If the heat exchange is adequate, at some location the

vapor will be completely condensed and the flow will be all liquid.

The resulting condensate-liquid mixture exits from the test section

(station 2). Momentum exchange during condensation of the vapor and

the subsequent recovery of the injected liquid velocity head, results

in the conversion of vapor and liquid kinetic energy to pressure.

The vapor-liquid interface associated with condensation in a

constant area tube is accompanied by a sudden expansion of the liquid

flow as in Fig. 3-b. The flow is probably somewhat analagous to a sudden

expansion in a pipe in single phase flow. Thus, relatively inefficient

recovery of the jet kinetic energy occurs due to the large area ratio

for expansion.

The geometry of Fig. 3-b was treated in an analysis which is

summarized in Appendix A. The equation for conservation of momentum was

applied to a control volume about the condenser. The analysis rests

_ ...... e following _o_L,,_+_,_._....
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I. The radial pressure gradient at the inlet and outlet stations

is zero.

2. Flow at the exit is homogeneous and in thermal equilibrium.

3. For an inlet vapor quality less than unity no vapor-liquid

slip exists in the entering flow.

4. Wall friction within the mixing chamber is negligible

compared to the magnitude of the pressure rise.

5. An injector discharge coefficient of unity is assumed.

The final expressions 0f the analysis were further simplified

by considering complete condensation of the inlet vapor flow and by

assuming an inlet vapor quality of unity. For these assumptions, the

following equations were derived:

2)

v n 2 +

)_ o 2
2(I-A2) o 29

(1
A2 o (mR + i) (3)

P

2

= 2 2 + - z (i + i--i.---) (4)

Equation (3) expresses the ratio of pressure rise to the vapor

inlet dynamic pressure (f_ _v) in terms of the mass flow ratio of liquid

to vapor (_), the density ratio of liquid to vapor ( _ ) and the area
o

ratio of the injector to tube (_2). Expressing pressure rise as Ap
v

provides a means for the system designer to conveniently determine the

absolute magnitude of the condenser pressure rise (since vapor inlet

conditions will usually be prescribed).

Equation (4), which gives the ratio of pressure rise to the
o

injected liquid dynamic pressure (A P_), provides a significant measure

of jet condenser performance from the standpoint of pumping requirements.

For an optimum design injector with a discharge coefficient of unity, the

latter parameter expresses the ratio of pressure rise to the pressure

_u_ required to inject subcooled liquid into the mixing chamber. If
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O

AP% were equal to unity, no net pumping power would be required to effect

the injection of liquid into the jet condenser. The only power consump-

tion would be that required to circulate the liquid through the lines

and liquid radiator. Moreover, if values of A_% higher than unity are

_h_=_°a, _ Jet rnna_._ r_. _._h,,_ _ _,_o _ 1_,,_a _h_,,o_

the radiator loop. These equations are plotted in Figs. l0 and ll for a

range of liquid-vapor mass flow ratios and injector to tube area ratios.

Lines of constant vapor to liquid velocity ratio are presented for

re ference.

The curves were determined for a density ratio of liquid to

vapor Of 2620 which corresponds to that of mercury vapor at 700°F. From

Fig. 10, the following conditions can be seen to favor a high absolute

value of pressure rise (for constant vapor inlet conditions).

1. A low ratio of injector to tube area.

2. A high ratio of liquid to vapor flow rate.

For a given mass flow ratio, higher values of inlet vapor

velocity result in a higher pressure rise. In addition, from Equation (3),

high vapor densities (or'a low ratio of liquid to vapor density) also

result in high absolute values of pressure rise.

Examination of Fig. ii reveals that opposite trends result in

high values of A_ in some instances. That is, conditions favoring a

high absolute magnitude of pressure rise may result in smaller values

of the ratio of pressure rise to injection pressure drop. From Fig. ii,

the following favor a high ratio of pressure rise to injected liquid

dynamic pressure:

i. A large ratio of injector to tube area.

2. Low ratios of liquid to vapor flow rate.

Also, from Equation (4), high values of liquid to vapor density
O

ratio tend to increase AP%.

Relatively large numerical values of pressure rise coefficient

can be obtained for some inlet conditions. For the values of mass flow

ratio shown in Fig. i0, the pressure rise referred to vapor dynamic pressure
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attains values as high as 140; i.e., the pressure rise through the con-

denser would be 140 times that which would be obtained if the dynamic

pressure of the vapor were recovered.

However, this magnitude of pressure rise would occur for low

v_l,,_ nf velocity _r_n (_.nrnY_m_Iv one) _ _.l_r _7=I,,_ _f

velocity ratio (approximately 20), a lower pressure rise results. As

an example, for a vapor velocity of 300 fps and a liquid velocity of 15
o

fps with an area ratio of 0.20, Fig. i0 predicts a value forAP of
v

_v -_PalOWvo 212g_ 3.6 (5)

The absolute magnitude of AP would be

(0.29) _300_2(3.6 ) a

fIPa (2)(32.2)(144) _ I0.I psi

Thus, based on the analysis, it would be possible for this example to

add about 10 psi to the condenser inlet pressure of 20 psi.

In order to relate this pressure rise to the pressure drop

required for injection, the value of _6 must be dete_ined _ From Fig.

A_ for the above flow conditions is given as:
II the value of

2

__A_ - f_Pa/P_V o/2g- £ " _0.56 (6)

For a perfect injector,

o2/2g i0.iZIP i = p_V_ °rf_Pi "_ 0.5----6
= 18 psi

o

Since the value of AP_ is less than unity, some pumping power

is required to inject the subcooled liquid to effect condensation and

pressure rise.

The main results of the analysis from the standpoint Of design

trends can be sumarized as follows:

I. The non-dimensional parameters in the expressions for

pressure rise for constant area jet condensers are: density

ratio, mass flow ratio and the ratio of injector area to

tube area.

1588-Final II 38



2. High vapor densities and high absolute magnitudes of either

inlet vapor velocity or inlet liquid velocity tend to favor

high absolute magnitudes of pressure rise.

3. Values of liquid to vapor mass flow ratio and of the area

ratio of injector to tube which favor high absolute magnitudes

of pressure rise may result in high pumping power require-

ments for a constant area jet condenser. If a large pressure

rise relative to the pressure drop required for injection

is desired,then higher ratios of injector to tube area and

low values of liquid to vapor mass flow ratio should be

used.

3.2 Variable Area Pressure Rise Analysis

Although the above analysis for constant area jet condensers is

useful in evaluating experimental performance, the maximum pressure

rise potential of jet condensers is not realized in this geometry. A

geometry which Should produce much higher values of vapor to liquid

pressure rise is shown in Fig. 3-a. In this geometry the mixing chamber

is contoured to effect condensation with little reduction in the jet

velocity at the point of final condensation. Thus, the expansion losses

of the constant area geometry are avoided. Moreover, if a diverging

section is added for efficient diffusion, the pressure increment added

to the vapor should be increased by a large amount over the constant area

geometry.

Use of a converging-diverging geometry results in an additional

complicating factor in the analysis of pressure rise. Since the mixing

chamber geometry has an axial variation of flow area, the integral of the

wall pressure must be evaluated in order to apply the conservation

equation of momentum. Due to a lack of information for the internal

pressure distribution in this region, the validity of the analysis must

rest upon whatever assumptions are made as to pressure distribution.

In this section, the general equation for pressure rise is first

derived. The _e of inlet vapor pressure occurring at the mixing chamber

wall is then treated. Deviations from this case are considered in
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order to provide an indication of the magnitude of their influence•

In the derivation of the general equation the following

assumptions were made:

I. Liquid pressure equals vapor pressure at Station O.
2. No heat loss from the condenser wall.

3. Entering vapor quality equals unity

4. Homogeneousflow within each phase exists at entrance and

exit stations (no mixing losses) with complete condensation.

5. The radial pressure and velocity gradients at the inlet and
outlet are zero.

6. Injector discharge coefficient equals unity•

7. Uniform flow (constant velocity profile) occurs at the
entrance and exit.

With these assumptions, appl±cation of the conservation equations for

momentum,mass and energy from Stations 0 to 2 results in the following

expression for pressure rise (of. Appendix B):

P2 " Po = Po(Ato/Ati - I) +
• 2 2
mvo + {n_o

gov Atl(Ato-A_o) gP_ Atl A_ o

2 2

2 +

gP_ Atl 2 gP_

 wAw(COS )/Atl

_. i - K d i __2" - 2

Atl Ato

i

i I P _ dt tan _ dx
Atl w

O

(7)

Equation (7) expresses the total pressure rise in terms of:

i. Geometry and inlet flow parameters

2. Two unknown terms which contain properties of the boundary

flow, i.e., the shear stress of the vapor on the wall and the

internal pressure distribution at the wall.

In order to obtain numerical results, assumptions must be made of the

values of the quantities of Item 2. In all cases it is felt that
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the friction term is small relative to the total pressure rise, (the

extremely short condensation distance and high values of pressure rise

measured during testing support this simplification). Another assump-

tion which can be used to make Equation (7) tractable is to use the

inlet vapor pressure as the pressure at the walls of the mixing chamber.

This assumption appears to be reasonable in view of internal measure-

ments made by other investigators (Ref, 9) and because of the sst,Jrsted

state of the vapor.

3.2.1 Wall Pressure Equal to Inlet Vapor Pressure

Results of the analysis carried out for the constant

inlet pressure model are presented in terms of the parameters discussed

in Section 4.4.1: the ratio of pressure rise to injected liquid dynamic
o

pressureAP_ and the ratio of pressure rise to inlet vapor dynamic
o

pressureAP . Substitution of P = P into the pressure integral term
v w vo

of Equation (7) and neglecting vapor friction (Tw = 0) and diffuser

losses (Kd = 0) results in the following expressions for pressure rise:

_thv m (PI-Po)/Pv Vvo /2g = _Ath + _---P ......_2 P° '* _tth -_

v th X2

(8)

(9)

1)2
o (i- L_ 2 + !i2 ;
P th --

(i0)

E

(P2-Po)/P_V_o 2/2g : 2_1 FI__ + _2)

2 2 2

(1-I 2)_I
(11)
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Equations (8) and (9) relate the pressure rise from the vapor to the

liquid at the throat to the dynamic pressure terms. Equations (I0) and

(ii) relate pressure rise from the vapor to liquid at the diffuser outlet

to the dynamic pressure terms. The latter two equations are most suitable

for design PurPoses and for evaluation of test data. However, the former

expressions are also of interest in comparing the amount of pressure

rise added by the diffuser to that resulting at the throat. Also,

operation of a jet condenser with the diffuser exit area less than the

vapor inlet area will result in a pressure rise in between the limits

supplied by these equations.

Numerical examples of interest for the above equations

were computed and are presented in Figs. 12 through 18 in order to

illustrate predicted performance of variable area jet condensers. Figure

12 presents the calculated throat and diffuser pressure rises (referred

to injected liquid dynamic pressure) vs. the mass flow ratio of liquid to

vapor for a given liquid to vapor density ratio and injector to tube

inlet area ratio. Curves are presented to show the influence of different

values of the ratio of injector to throat area.

As in the case of constant area jet condensers, low values

of mass flow ratio result in higher calculated values of pressure rise

referred to liquid dynamic pressure. For example, the curve for _i
o

0.895 predicts a value ofAP_ = 4.7 at a mass flow ratio of I0, while at
o

a mass flow ratio of 100, a value offkP_ = 1.0 results. Also, use of

throat areas more nearly equal to injector area results in higher values

of predicted pressure rise.

Comparison of the curves for the pressure rise at the

throat to the pressure rise at the exit of the diffuser provides some

............ _ _uL,_u_u_. At a mass flow ratio of i0, the pressure rise

at the throat is within 80 percent of the pressure rise at the diffuser
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o

exit (A I = unity). This implies that the contribution of the vapor to the total

pressure rise is very high at lower values of liquid to vapor mass

flow ratio; i.e., efficient recovery of the liquid dynamic pressure at

the throat only increases the pressure rise by about 20 percent. However,

as higher liquid flow rates are used the effect of the iiquidheadbecomesmore

important than contributions from the vapor, and efficient recovery of

the injected liquid velocity is required to achieve a high pressure
o

rise. The above value of Ap_ = 4.7 means that for an injector discharge

coefficient of unity, 3.7 times the dynamic pressure of the injected

liquid is available for circulation of the outlet liquid through the

liquid radiator loop (cf. Fig. I) back to the point of injection. For

example, if a set of flow conditions were chosen such that the liquid

dynamic pressure were i0 psi a total of 37 psi would then be available

as a pressure difference for circulation of the outlet liquid flow. This

result, if verified by experiments, has profound significance in the use

of a jet condenser in a Rankine cycle system. It means that a jet

condenser could be used with little, if any, pumping power weight penalty

(if other performance requirements such as stable operation are met).

An interesting observation can be made as to the source

of the energy producing the jet condenser pressure rise by referring to

Fig. 12. For the mass flow ratio of I0 and the densities and area ratio

of this figure, the inlet vapor dynamic pressure is approximately 0.2

times the inlet liquid dynamic pressure. Thus, if both were recovered
o

with no losses a maximum value of Ap6 of 1.2 could be obtained. The

only other energy source which is available for the pressure rise through

the condenser is the internal energy of the vapor which manifests itself

as random thermal energy. Thus, the results predicted by the analysis

could only result if conversion of vapor thermal energy to a directed

mechanical energy in the liquid were to occur.

Figure 13 presents the calculated values of pressure

rise referred to inlet vapor dynamic pressure for the same geometric

and flow _,_-_h1_ Onto =_n as _n _-h,_,-_0_ _: _-h_ _,,.o_.+

jet c6ndenser, increasing mass flow ratio has an opposite effect upon
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the magnitude of this pressure rise term from that of Fig. 12. That

O

is, increasing mass flow ratio produces increasing values of _ P and

O V

decreasing values of_. For example, increasing mass flow ratio from
O

i0 to i00 produces an increase inAP v from 30 to 600 for an area ratio
O

of 1.0. This can be contrasted to the behavior of_P _ from Fig. 12

where a decrease from 5.1 to 1.0 is experienced. The same general trends

are exhibited for the predicted pressure rise at the throat, with the

exception that different area ratios have crossover points and the area
o

ratio for A I = 1.0 falls off very sharply with increasing mass flow ratio.

In order to illustrate the effect of density ratio, Figs.

O

14 and 15 were computed for a given geometry (A I = 0.90 and A 2 = 0.075).

As can be seen, higher values of liquid to vapor density ratio produce
O

higher calculated values of_P_ and lower values of_ . For example, increasing
V O

density ratio from 2620 (700°F for mercury) to 14,500 (530 F for mercury)

O

produces an increase in_P from 1.85 to 6.0 (for a mass flow ratio of

20). A decrease in _ from 43 to 26 results from this change in
V

density ratio. For constant mass flow ratio, this decrease in density can

be interpreted as an increase in vapor velocity. Thus, it appears the jet

condenser becomes a more effective pressure recovery device (for given

geometry and mass flow rates) as lower vapor pressures are utilized.

The effect of the ratio of injector to tube area is

illustrated in Figs. 16 and 17 (for a given density ratio and injector

to throat area ratio). Results are similar in trend to those obtained for

the constant area jet condenser; that is, increasing values of _2 result

in increases in the non-dlmensional pressure rise referred to injected

liquid dynamic pressure, or, an increase in the effectiveness of the

jet condenser as a pumping device. On the other hand, from Fig. 17,

it can be seen that the absolute magnitude of pressure rise (or pressure

rise referred to inlet vapor dynamic pressure) is increased as lower

injector to tube area ratios are used. Once again a trade-off is
O

indicated. It is interesting to note the curve for A 2 = 0.01, an extremely
O

I...... I_+ _ ity _^-I_,_ o_°o _+_ mh= _,,_.._ #_^ P approaches a _._ _,,_ _ un _
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o

higher mass flow ratios. However, the curve forAP rises very rapidly
V

and values on the order .of 104 are obtained for mass flow ratios less than

I00_

The above results are useful in expressing the values of

pressure rise which _may be possible using a jet condenser and to indicate major

trends. However, it is also meaningful to examine the pumping charac-

teristics of these devices.

The net power output (in kw) of a jet condenser which is

available for circulation of the bypass liquid flow is given by:

or

for a perfect injector

(APa - _Pi)_o
Ho

j 738p

a

(cd-t.0), _--_ = _

(12)

Rearranging and substituting for _Pa and m_o gives

• = i o OV.v_vo2/2g
Hj - %o (13)

_ 738p_

Thus, .Equation (13) expresses the power output in terms of

jet condenser operating parameters. It. should be noted that all values
O '

of AP less than unity produce a negative power output; i.e., pumping power

is required by the condenser. For fixed inlet •vapor conditions the effect

of mass flow ratio on power output can be illustrated by plotting the

expression:

t

111 = (i - i____)_v _) (14)
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This parameter, which is directly proportional to the

useful power output, is plotted vs. mass flow ratio in Fig. 18 for

three different area ratios (injector to total inlet). All three

geometries exhibit maxima within the range of flow ratios considered. The

the smallest range of operation; the useful power output going to zero

at a mass flow ratio of 25. On the other hand an injector to tube area

ratio of 0.075 theoretically provides useful power over the entire range

of mass flow ratios of the curve (0-I00). The peak value of H'. for this
3

geometry is 775 at a mass flow ratio of 60 vs. a peak of 1140 at a mass

o

flow ratio of 13 for A 2 = 0.010. The calculated power output (in kw) for

any set of vapor inlet conditions can be obtained from the following

expression:

Pv V 2 _
VO VO

H. = Hj ,(i5)
j p_ 1470g

where V
vo

3.2.2

is in units of ft/sec

is in units of Ibm/sec
vo

g = 32.2 Ibm/ibf ft/sec 2

Effect of Variations in Chamber Pressure

Deviations of vapor pressure at the wall of the mixing

chamber from the inlet vapor pressure can occur. For example, if none of

the vapor flow condensed upon the jet, the wall pressure would drop due

to acceleration of the vapor in the converging geometry. On the other

hand, if complete Condensation of the inlet vapor flow rate were to occur

upon the jet at some station upstream of the final interface location,

separation from the wall could occur and a region might exist where the

vapor pressure were equal to the saturation pressure of the liquid

phase. There is no apparent mechanism existing, however, for the vapor

pressure to increase in the mixing chamber since it must always follow

_LA

L,_ saturation curve.
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In order to provide someinsight into the effect of a

lower wall pressure in the converging section upon the predicted pressure
rise, analysis was conducted of two limiting cases. In the first case

condensation of the entire inlet vapor flow rate was assumedto occur

in_nediately after Station O; i.e., the jet temperature was raised to

T e' the outlet temperature, immediately after Station 0 The chamber
.................................................. _........ p tT

corresponding to the temperature T_e. If the pressure were to drop any

lower, liquid would evaporate from the jet to raise the vapor pressure to

Ps(T e) (since the equilibrium vapor-liquid flow is assumed). Similarly

any increases in vapor pressure would result in equilibrium condensation

on the jet to reduce the vapor pressure to Ps(T_e)" The analysis for this

case is essentially a modification of the analysis presented in Section

3.2.1 and is summarized in Appendix B. From this Analysis, the pressure

rise vs. outlet subcooling was calculated for a given set of geometric

and flow conditions.

For the second case a linear (axially) variation of wall

pressure from the inlet (Pvo) to the final interface was specified. The

final pressure was taken to be Ps(T_e)' the saturation pressure corres-

ponding to the outlet temperature. With these conditions the wall pressure

integral of Equation (3) was evaluated and the pressure rise computed

for the same set of geometric and flow conditions as the first case (cf.

Appendix B). Figure 19 presents the results of the calculations. The

solid Curves are the calculated pressure rise for the cases given above

and the broken curve is the pressure rise computed for the wall pressure

equal to the •vapor inlet pressure. As can be seen, very large increases

in pressure rise are possible if the chamber pressure were decreased to

be equal to the saturation pressure of the liquid phase or if a linear

variation were to occur. For example, at an outlet sub-cooling of 100°F

the constant inlet pressure model predicts a pressure rise of 7.6 psi

while Case I predicts a pressure rise of approximately 43 psi and Case II

predicts a rise of 23 psi.
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FIG. 19
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Of course, it is very unlikely that the above flow could

occur over the entire condensing chamber. However, local decreases in

vapor pressure can occur due to this or other types of flow occuring in

regions of the condensing chamber. The above treatment indicates that the

_re_55u£_ -r.L_ WUU..LU e I[/.UI.;L[ _Lt:_l.l.._J. J.UJ. I..LLI=_: _ _- C,.LLC_.L,L L.U.C_._ W[L.L_.4L WU_.L_

be predicted assuming the inlet vapor pressure to exist at the wall of the

mixing chamber, Thus, use of the constant inlet pressure model to predict

outlet pressure should offer conservative values over treatments which

seek to account for local variations in vapor pressure within the

condenser. As such, it is felt that the constant inlet pressure model if

substantiated by experimental results offers a reasonable prediction method

for jet condenser pressure rise.

3.2.3 Interface in Diverging Section

If the vapor and liquid inlet conditions are not adjusted

properly, condensation of the inlet vapor flow rate may not be complete

at the throat location. The final vapor-liquid interface may occur in

other regions of the condenser, such as in the diverging portion. The

effect of this situation upon the condenser pressure rise can be illus-

trated in a simple example. Consider the inlet pressure to Occur at all

walls throughout the vapor region in the condenser. Moreover, the

assumption is made that the central liquid jet is coherent up to the

place of formation of the interface. The theoretical pressure rise can

then _be expressed as a function of the location of the interface in the

diverging section of Fig. 3a (cf. Appendix B). With the results of the

analysis presented in Appendix B, calculations were made to express the

predicted pressure rise as a function of interface location in the dif-

fuser. The geometric and flow conditions used in the previous example

were also used in this case. Figure 20 presents the results. The pre-

dicted pressure rise decreases from a value of 7.6 psi, which occurs

with the interface in the throat, to a value of approximately 0.7 psi

if the interface is at the exit of the diffuser.

Once again, as in the example of Section 3.2.2, the

calculations are based upon a simplification of the physical flow.
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For example, dispersion of the liquid and vapor phases would probably
result from the high vapor velocity in the throat. However, the results

illustrate that significantly lower pressure rise mayoccur if the vapor-
liquid interface is formed in the diverging section rather than the throat.

""............... L_p_u J .... can be seenr_._=uv=L, a v=Ly ...._= to occur.u_Lease For example, the

predicted pressure rise drops by about 50 percent for the interface

occurring at a location of 25 percent of the diffuser length.

The results of Section 3.2.2 and 3.2.3 are mainly useful

in providing an understanding of possible deviations of experimental

pressure rise from that computed for the constant inlet pressure model.

If the constant inlet pressure model is used to correlate test data or to

predict pressure rise deviations may result due to either of the above

flows.

3.3 Discussion of Principle Variables Effectin_ Pressure Rise

3.3.1 Factors Contained in the Ideal Pressure Rise Equation

Several non-dimensional flow and geometric parameters

contained in Equations 8 - ii appear to have a strong effect upon pressure

rise of a jet condenser." These parameters provide the basis for the

choice of test conditions as well as for the extension of test results to

other variable ranges.

Density Ratio

The ratio of liquid to vapor density exhibits a strong

influence in the pressure rise equation. In particular, for a constant

O

mass flow ratio and given geometry, increasing values of p produce

increases in the non-dimensional pressure rise referred to liquid dynamic

O

pressure. The most important reason is that increasing P produces an

increase in vapor dynamic pressure (relative to the liquid dynamic pressure).

Since PvVvo is equal to a constant for constant vapor mass flow rate, de-

V 2/2g For a givencreasing 0v produces an increase in the quantity Ov vo

system application the vapor temperature will generally be fixed. Therefore,

the density ratio will not be an important design variable. However, if the

jet condenser is to be used in a Rank_n_ ev,-1= =,,=e=m eh= 0_=o+ ^c _^-.__
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ratio upon pressure rise maybe an important factor in influencing cycle

operating conditions.
Mass flow Ratio

The mass flow ratio of liquid to vapor is one of the most

important design variables associated with a jet condenser heat rejection

system. In addition to the influence upon pressure rise, this parameter

is an important factor in determining the average operating temperature

of the liquid radiator component. Higher values of mass flow ratio of

liquid to vapor produce lower values of the pressure rise referred to

liquid dynamic pressure. However, for a given set of vapor conditions

the absolute magnitude of the predicted pressure rise will increase as the

injected liquid flow increases. This result is illustrated in Fig. 13

in which the pressure rise is referred to vapor inlet conditions. Due to

the temperature drop in the liquid radiator component the probable opera-

ting range of liquid to vapor mass flow ratio is from 20 to 50.

Geometry

Two important geometric ratios appear in Equations (8)

to (ii); the ratio of injector area to throat area (_i) and the ratio of
o

injector area to total inlet area (A2). For the constant area jet conden-
o

ser these two parameters are identical. Larger values of A I always

result in higher predicted values of non-dimensional pressure rise. For
o

mass flow ratios (_ greater than 30) a probable limit on A I willhigher

be unity. However, at lower mass flow ratios, acceleration and contraction

of the liquid Jet may enable use of a throat which is smaller than the

injector. Smaller values of the ratio of injector area to tube area,

produce higher absolute values of pressure rise, larger values result in

higher values of the ratio of pressure rise to liquid dynamic pressure.

Pressure Integral

The pressure integral contained in Equation (3) was readily

evaluated when the inlet vapor pressure was assumed to exist at the wall.

However, the variation of vapor pressure in the mixing region is

influenced by several parameters: the heat transfer rate of vapor _n

liquid, the rate of convergence of the mixing chamber, mixing chamber
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contour, final vapor-liquid subcooling, and initial vapor pressure. The

influence of heat transfer rate was indicated above; i.e., extremely

rapid heat transfer rates may result in complete condensation of the inlet
vapor flow within a short distance. This may result in separation of the

boundary layer from the wall, with the occurrence of a region where the

vapor pressure equals the saturation pressure of the liquid. Another

limiting case;namely, that of zero heat transfer rate would result in

a nearly isentropic expansion of the vapor _ich would also result in

lowering the vapor pressure at the wall.
3.3.2 Real Flow Effects

While the above parameters appear to be the most important

in determining the pressure rise characteristics of jet condensers during

operation at a steady-state design point, several other factors must be

_onsidered in evaluating test results and off-design performance.

Off-Des ign

Perhaps the most serious of these effects would be

operation of the jet condenser under a set of inlet conditions such that

the location of the final vapor-liquid interface did not occur in the

throat section of the condenser. Occurrence of the interface in the

o

converging section (with stable flow) would result in a decrease in AI,

the ratio of injector area to the area at the final location of the vapor

liquid interface. On the other hand,occurrence of the interface in the

diverging portion would result in high frictional losses through the
O

throat as well as a decrease in A I.

Friction Losses

Frictional losses_while of utmost importance in most

condenser designs, do not seriously influence the performance of a jet

condenser. The values of pressure rise may be greater than two orders

of magnitude higher than any frictional losses in the mixing chamber. _

This result is due to the extremely rapid rate processes occurring in the

device and the short vapor flow distance required before complete con-

densation is effected.
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Mixin_ Losses

Another source of loss in the jet condenser is incomplete

mechanical mixing of the injected liquid and condensed vapor streams.

Occurrence of non-uniform flow, pressure, and temperature distribution

=_ _ho ov_ of th_ ro_4_n_o_ r.n _q,,]_ _n _ a_g_a_inn nf pressurew ...................... -...............................

rise performance.

Misalignment of Injector

A practical source of loss is misalignment of the liquid

injector with respect to the throat. If misalignment were severe enough

to result in impingement of the liquid upon the mixing chamber wall, a

high local wall pressure would result which would produce a decrease in

the total pressure rise through the condenser. Alignment problems become

critical where smaller geometric sizes are used.

3,4 Analysis of Heat Transfer into Jet

Several complex mechanisms occur during condensation of the vapor

on a subcooled liquid jet. In order to provide a guide for testing and to

obtain information on the important variables, an analysis was performed

to identify the possible limiting resistance in the heat transfer process;

i.e., the conduction and convection into the interior of the subcooled

liquid phase of the heat released at the liquid-vapor interface.

3.4.1 Sun_nary of Analysis

Fig. 21 gives a representation of the model considered

for analysis. The liquid phase exists as a solid cylinder with a constant

radius r 6 which is injected into the vapor at a constant velocity V_o. The

vapor temperature (Tvo) is assumed to remain constant throughout the

mixing chamber. With these assumptions, it is then possible to write an

expression for the rate of heat conduction and convection into the

interior of the liquid. Details of this analysis are summarized in

Ref. 4 . Equation 16 expresses the results:

_/ -- oo

T_e-Tio 4 I V_or_ (16)

X = T -T_ - _-$K2 - _ (C_ +C_t 3vo .o _ , 13p. Lc -
o --%

- exp ( - " 2

V_or _
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In this expression the temperature of the liquid at the exit, T_e, is

related to initial conditions of the jet and vapor, (T_o' Tvo, V_o, r_ ,)
to the properties of the fluid (_ and _t ) and to the distance traversed

by the Jet (Lc).

(of the liquid jet in vapor) required for heat transfer vs. the jet

utilization factor (or non-dimensional temperature) of the liquid jet.

Curves are presented for different values of the ratio of the total heat

diffuslvlty ta the square of the jet radius. Several interesting features

may be determined by examining the curve•

I. Operation of the jet condenser with the final liquid

temperature equal to vapor temperature would result in

an infinite distance required for condensation of the

vapor flow rate. (For a finite liquid velocity).

2. Increasing contributions of eddy heat transfer to the

total heat transfer result in much shorter condensation

distances (or jet residence time) for a given value of

jet utilization factor .

3. For a given value of jet utilization factor and total

heat dlffuslvity, lower jet velocities result in shorter

condensation lengths, Attempts to operate with extremely

high jet velocities would result in longer condensation

lengths.

4. Decreasing values of jet radius_ for a constant value

of total heat diffusivity 3 result in shorter condensation

lengths (for a given value of jet velocity and jet

utilization).

5. Relatively short lengths of times are required to attain

given jet utilization factors for reasonable values of

diffuslvity factors. For example_ for a dlffusivity

factor of 50 a jet utilization factor of .8 is obtained

after about 0.02 seconds. Thus_ for a jet velocity of

I0 ft/sec a condensation distance of .2 ft would be re-

quired.
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Figure 21 cannot be used directly to predict conden-

sation length due to a lack of information upon the local variation

of eddy diffusvity for heat, _t and because the jet radius and vapor
temperature at the jet surface are somewhatdifferent than parameters

assumedfor the calculation. However, the results indicate the major

trends of condensation length with jet utilization factor and also

3.4.2 Discussion of Important Parameters in Heat Transfer

A parameter of the analysis which is important both

from the standpoint of heat transfer and system design is the jet

utilization factor. This parameter is defined by the following equation:

T_e-T_o QR

X = Tvo. T_ ° %o C (Tvo-T_o) (17)
P

The maximum possible value for X is unity, which would occur if the

final temperature of the injected liquid were equal to the inlet vapor tem-

perature. However, as discussed above this occurrence would require an infinite

length to transfer the heat. The physical significance of this parameter

is that it represents the ratio of the enthalpy absorbed by the injected

liquid to the maximum enthalpywhich could be absorbed; i.e., the enthalpy

which the liquid would absorb if raised to vapor temperature. This

factor can be related to two other expressions which are useful for

system considerations:

I
X = o o* (18)

1 1
X = = (19)

Tvo" T_e ATsc
+i --+i

T6e-T_o AT R

Equation 18 relates the jet utilization factor to the excess mass flow

required to effect condensation over the ideal mass flow raEzo _mR_ )

required from
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the standpoint of a heat balance. Equation 19 relates the jet utilization
factor to the ratio of the outlet subcooling of the jet condenser to the

radiator temperature drop in a Rankine cycle system. From the system

standpoint, the excess mass ratio of liquid to vapor should be zero and

the outlet subcoollng of the jet condenser should be zero. However_

from these relations the jet utilization factor would then be unity

be required.

The total heat diffusivity, _T is a sum of the thermal

and eddy or tubulent thermal diffusivity. Investigations to determine

eddy diffuslvity, based on the premise that the two diffuslvities are

additive, have been conducted. Included among these is a recent invest-

igation where measurements of eddy diffusivities were made for mercury

(Ref. 12 ). However, the results of these investigations have not been

adequate to predict eddy diffusivity in pipe flow, let along flow of a free

liquid Jet in a vapor environment.

The effective jet radius, r_ used in the calculations

was based on a model qf constant liquid flow area. However, in the real

case the jet has a Varying radius and is characterized by surface waves

and fluld particles which are not of a cylindrical nature. This parameter

would not be constant for the entire mixing region. As noted in the

discussion of Figure 21_ decreasing values of jet radius produce better

heat transfer characteristics.

The jet velocity enters the above analysis since the

residence tlme of a liquid particle in vapor is inversely proportional

to the velocity. Higher values of jet velocity reduce the time spent

by anyfluld particle in presence of the vapor. However, jet velocity

also appears to influence the eddy diffusivity and local variation of

jet radius. Therefore, in some instances increasing the velocity may

result in an increase in heat transfer.

The density of the vapor, Pv' does not appear ex-

plicitly in Equation 16. However, this parameter has a very important

influence upon the heat transfer. Larger values of vapor density result
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in a higher flux of vapor molecules upon the liquid condensing
surface. Wheninternal heat transfer is the limiting resistance

this factor may not be important. However, situations will exist

in the overall heat exchange process where vapor properties (or the

flux of vapor molecules to the iiquld surface) may become limiting.

Increasing vapor density would then result in increasing the heat

transfer. The jet length required for condensation of the incoming

vapor was simplified by assuming a constant area straight cylindrical

jet. In some cases the jet will not be straight but will follow a

irregular, tortuous path. Thus, the effective length in vapor which

a given liquid particle traverses may be increased over the geometric

distance from the point of injection to the point of final condensation.

However, in general, the important trend is illustrated; increasing

values of jet length result in increasing in the heat transfer cap-

abilities of a given injected liquid flow.

3.4.3 Factors Influencing Jet Radius_ Length# and Velocit_

As discussed above the actual values of jet radius,

length, and velocity are strongly influenced by flow parameters. One of

the more important effects is produced by the vapor-liquid shear force

upon the jet. Another is due to the disruptive forces occurring due to the

rapid condensation of vapor upon liquid. High values of vapor velocity

appear to promote breakup and disentegration of the liquid jet.

(Refs. 13 and 14 ). In these references the relative vapor-liquid

velocity is used directly as a parameter in predicting drop size for

concurrent flow of vapor and liquid. High shear forces with the re-

sulting liquid break-up result in smaller values of jet radius, longer

jet lengths, and higher Jet velocities than would be predicted •using

the model of Fig. 21.

The Reynolds Number of the injected liquid may have

a very important influence upon the characteristics of the injected

liquid. For a free jet injected into a st_ll gas, break-up of the jet

begins at a certain characteristic length which is dependent upon the

1588'Final II 62



Reynolds Numberof the injected liquid (Rayleigh instability). This

breakup first takes the form of a varicose characteristic of the jet.

Eventually physical breakup occurs and liquid droplets are formed.

The length from the point of injection to the point where the varicose

_L_L_OL_ _L LLL_ j_L U=_LLO _U U=_U_ _p_L_L_L _ pLUpULLional LU

the liquid Reynolds Number. For a higher Reynolds Number the jet begins

to assume a wavy character further downstream from the point of injection.

The influence upon jet radius and length are clearly seen, Use of jet

condenserswith lower liquidReynolds Number will result in decreased

values of jet radius and increases in jet length due to appearance of

a varicose characteristic. Injection of the liquid with high velocities

results in a jet which is nearly constant in area and radius. This

phenomena will be illustrated later in Fastax motion pictures taken of

the injected liquid.

3.4.4 Influence of Heat Transfer Parameters on Pressure

Integral in Pressure Rise Equations

Several of the parameters resulting from the analyses

of jet heat transfer may also have an important influence upon the

pressure rise integral which is found in the equation for predicted

pressure rise of a jet condenser. The influence of these parameters

may require their inclusion in correlations of experimental data.

The jet utilization factor, as discussed above,

has a strong influence upon condensation rate of vapor on the liquid

jet. From Section 3.3.1 , condensation rate may have an important

influence upon the specific value of the pressure rise integral by

affecting the vapor wall pressure. In addition, the jet utilization

factor Is a function of the outlet subcooling which also has an effect

upon pressure rise integral.

The relative vapor-liquid velocity has an effect

upon the heat transfer rate by the influence upon the character of

the liquid jet as well as the eddy diffusivity of the jet, As dis-

cussed above, high values of vapor velocity or shear may increase the
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eddy diffusivity within the jet. Through these effects upon heat

transfer rate the relative vapor-llquid velocity will influence the

value of the wall pressure integral as well as the specific location

of the final vapor-llquid interface.

a given condensation length the jet residence time is inversely pro-

portional to the jet velocity. Hig_ values of jet velocities result

in smaller jet residence times which result in lower condensation

lengths. On the other hand, lower values of jet velocities result

in increased residence times of liquid in vapor, which tends to promote

higher condensation rates (or lower values of outlet subcooling). In

addition, as discussed above, higher values of jet velocity reduce heat

transfer by producing a constant area jet instead of a liquid phase

with a more irregular sinuous nature.

Finally, the density ratio of liquid to vapor, _,

has an effect upon heat transfer and pressure integral. As discussed

above, lower values of vapor density (or higher values of density ratio)

result in lower condenBation rates due to the decreased flux of vapor

molecules impinging upon the liquid jet.

Due to the simultaneous interactions of these

parameters, the jet condenser can be operated with the interface at

the throat position with many different combinations of flow and thermo-

dynamic variables. For example, a combination of high jet utilization

factorj X , and low injected liquid velocity, V_o _ or a low values of

jet utilization factor and higher values of liquid velocity can be

used to produce condensation at the desired location. In addition to

influencing the final interface location these parameters also should

influence the spatial distribution of condensation. High jet utilization

factors and lower liquid velocities might produce the bulk Of the conden-

sation at the inlet region to the jet condenser while higher values of

liquid velocity and lower values of jet utilization factor would

._h=_l,, _.A _ A_+_,,_ +_ condensation over the length of the

jet. Thus the specific combination of these variables can influence
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the internal flow field in the mixing chamberand hence influence wall

pressure integral and total pressure rise.

3.4.5 Conversion of Thermal Energy to Pressure Energy

One of the most important sources of pressure rise

in the jet condenser is the thermal energy of the vapor. As discussed

in Section 3.4.2 proper utilization of this source can result in pressure

rises which are greater "' I0 ti_es _- sum of a ..... _t_aD tLL_ ......_u=,=,,,=_. pressures _F _ho

injected liquid and vapor. The physical mechanisms responsible for this

phenomena are not well understood. However, it may be useful to think

of the injected subcooled liquid as providing a pumping action upon the

vapor; that is, as d_;scussed in Section 2, the pressure at the boundary

of the subeooled liquid and vapor is nearly equal to the saturation

pressure of the liquid. This pressure is much lower than the free

stream pressure for cases of interest. Thus, a sizable pressure differ-

ence or motive force is provided to accelerate the vapor to velocities

which are even higher than the entrance velocity. In some cases the

pressure ratio may be sufficient to produce sonic velocities at the

interface. Condensation of the vapor at these high velocities then

results in a greater momentum recovery than would be calculated based

upon the inlet vapor velocity alone.

In order to assess the effect of conversion of thermal

to pressure energy the energy conversation equation was applied at the

inlet and outlet of a jet condenser. (Appendix C). A specific example

for flow rates and pressure rise was chosen to illustrate the decrease

in outlet thermal energy corresponding to a high pressure rise. For

this example, the decrease in outlet temperature resulting from an

increase in pressure of 62 psi was calculated to be on the order of

I/2°F. This amount is a small quantity, which by itself would not

strongly effect cycle efficiency. However, it should be realized that

as the pressure energy is expended throughout the rest of the system

in overcoming friction, the temperature of the liquid is raised accord-

ingly. Thus, for a jet condenser operatinK where the pressure rise is

expended in circulation of fluid, no large effect upon cycle efficiency

should result. The energy of the vapor is transferred to the fluid of
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the liquid radiator loop, whether it be in the form of heat from con-

densation or as mechanical energy. This result meansthat a Rankine

cycle power system with a jet condenser could probably be operated

with high pressure drop through a liquid radiator loop with very small
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4. EXPERIMENTAL PROCEDURES

Experimental investigations of jet condensers were performed during

this program using two closed cycle mercury test loops. The Ikw test

loop and the 10kw test loop are described in detail in Part I of this

report (Ref. 15). The Ikw loop was used for constant area jet condenser

tests while the 10kw loop provided the means for testing variable area

and multi-tube jet condenser geometries. Schematics of each test rig

are shown in Figs. 22 and 23. In both loops, mercury vapor was generated

in a pool boiler, circulated through baffles and superheaters to obtain

a controlled quality, and then delivered to the test section. Liquid

mercury at nearly ambient temperature was pressurized by a low speed

gear pump, heated to the desired injection temperature, and subsequently

was mixed with the vapor stream in the test section. The outlet flow of

liquid from the test section was cooled to nearly ambient temperature

and pressurized. Part of this flow was delivered to the test section

(cf.above) and the remainder was returned to the boiler to complete the

flow circuit.

4.1 Test Section Geometry

Design of the injector geometry for a jet condenser requires a

compromise to be made between pressure rise and heat transfer charac-

teristics. Vapor-liquid heat transfer is promoted by a high degree of

dispersion of the liquid phase. However, this is usually accomplished

through the dissipation of the kinetic energy Of the injected liquid, which

reduces the amount of energy available for pressure recovery. During the

previous program (Ref. 4), test sections were designed to achieve rapid

heat transfer rates. Subcooled liquid was, therefore, introduced in the

eration of pressure rise capabilities, reliability, and simplicity led to
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the selection of a single central injector. Since improved pressure rise
characteristics were obtained with relatively small decreases in heat

transfer rate, this type of injector was used in subsequent test sections.

Other schemesmaybe devised which result in lower pressure drop losses

test section configurations chosenprovide a central stream of subcooled

liquid with known initial properties, with simplicity and ease of
construction.

The optimummixing section geometry to insure both high pressure

rise and high heat transfer rates consists of a properly designed

converging section (cf. Section 3). However, initial tests were conducted

on a constant area geometry to determine feasibility and heat transfer

characteristics for central injectors. These data were used for sizing
of variable area geometries.

The first test sections used had a vapor internal diameter of
0.19 inches. Results from these tests were used to scale condenser

geometries to larger size units (vapor internal diameter of 0.75 inches).

Finally, a multiple unit'test section was built which had a capacity
equal to the single units with 0.75 inch internal diameter. Table II

furnishes a description of the various geometries tested during this

program. In addition, for purposes of comparison two impinging jet

geometries, which were previously tested, are included. Figure 24 is a
schematic of a test section geometrywhich reflects the features of

construction of most of the units. Figures 25-32 are photographs of one

of the large diameter geometries and the multi-tube unit. Figure 28

furnishes a photograph of the jet condenser assembly and construction
details for one of the large diameter units.

The majority of test sections were constructed with transparent

mixing sections inorder to record condensation length and obtain high
speed photographs of the internal flow processes. However, someunits

featured all-metal construction for tests where very high pressure rises

k_L==_=zuu_u _u p_zu_ were to be obtained. The transparent sections

were constructed of quartz in order to maximize high temperature strength
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FIG. 25 
LARGE DLAMETER 
JET CONDENSER 

FIG. 26 

M G E  DIAMETER JET CONDENSER 
ASSEMBLY 
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FIG. 27 LARGE DIAMETER J E T  CONDENSER ASSEMBLY 

F I G .  28 LARGE DIAMETER J E T  CONDENSER INJECTOR 
AND DOWNSTREAM SECTION 
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F I G .  29 MULTI-TUBE J E T  CONDENSER ASSEMBLY 

VAPOR PLENUM CHAMBER 

F I G .  30 MULTI-TUBE J E T  CONDENSER - L I Q U I D  INJECTORS 
AND VAPOR I N L E T  STRUCTURE 
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FIG. 31 MULTI-TUBE JET CONDENSER - L I Q U I D  OUTLET 
PLENUM CHAMBER 
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FIG. 32 lOKW TEST LOOP MULTITUBE UNIT INSTALLED 

1588-Final I1 76 



and minimize problems of thermal shock (as opposed to Pyrex). Sealing

between the stainless steel and quartz was accomplished by compression

of a high-temperature gasket material at both ends. This construction

technique resulted in some leakage problems at higher pressure rises

(greater than 40 psid) but was satisfactory for the majority of test

conditions.

During construction of the multi-tube test unit, careful control

of the dimensions of each of the three jet condensers was maintained in

order to eliminate the influence of any geometric non-uniformity. Dimen-

sions on metal parts and metal mixing chambers were controlled to within

0.001 inch. The quartz mixing sections were constructed within a maximum

tolerance of 0.062 inch. In order to verify the uniformity of these di-

mensions, flow tests using air were conducted with the multi-tube test

unit. Air was supplied to the vapor plenum chamber from the vapor inlet

tube. Water manometers and separate outlet orifices were used to provide

an indication of the relative flow through each jet condenser tube. The

pressure drops across these orifices were calibrated against a commercial

flowmeter (2 percent accdracy ) to determine the air mass flow rate. With

this experimental arrangement the maximum deviation of the gas flow in

any tube from the average was 2 percent, which is within the uncertainty

of the measuring apparatus.

4.2 Range of Variables

The range of variables covered for the test units is furnished

in Table III. Comparison of these variable ranges with design conditions

for SNAP 8, SNAP 2, and Sunflower can be obtained by referring to this

table and Table 3-2 of Part I of this report. All test units were oper-

ated in a horizontal attitude such that gravity did not aid in the final

separation of vapor and liquid. Units had been tested with the flow

vertically upward in the previous program, with no discernible differences

in performance. Therefore, no similar tests were conducted during this

program. The limiting values of pressure rise and mass flow ratios were

established by test loop capabilities r_her than by performance of jet

condensers.
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4.3 Operating Procedures

Two different procedures were used for jet condenser startup:

injection of liquid into flowing vapor or introduction of vapor into the

circulating liquid. Of the two, the latter was found preferable from

the standpoint of control and minimizing thermal shock, and hence, was

used for the majority of test runs. The former procedure was useful,

Both techniques were used in both the Ikw loop and the 10kw loop. The

operation procedure used most frequently in the lOkw loop (cf. Section 2

of Part I) was as follows:

i, The entire system was pumped down to a vacuum of 29 to 30 inches

Hg and filled from the sump (this step eliminated any trapped

air pockets or voids).

2. After the boiler level was established, the boiler heaters were

turned on and the boiler was shut off from the rest of the sys-

tem. As the boiler temperature was raised to the operating

point the boiler wasperiodically vented to vacuum (29 to 30

inch Hg) in order to remove dissolved or trapped non-condensible

gases liberated by the boiling.

3. Liquid was circulated through the test section and reservoir

while heated. The agitation and heating, coupled with the use

of vacuum pressures, reduced the concentration of dissolved air

in the liquid mercury.

4. When operating values of temperature and liquid flow rate were

obtained, the pressure was adjusted to the proper value in the

reservoir, and vapor was introduced to the test section. Flow

conditions were then adjusted until the interface was in the

desired location. Upstream superheaters were activated and

adjusted until a vapor quality of unity was obtained at the test

section inlet.

5. The inlet valve to the boiler was opened and adjusted until the

flow into the boiler matched the vapor flow rate. When this
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balance was obtained the reservoir was isolated from the rest

of the test loop. Closed cycle operation was then maintained
by adjusting the boiler inlet valve.

6. Adjustments of heaters, valves, and cooler were then madeto

A certain amount of latitude was found to exist when adjusting
the boiler inlet flow rate during closed cycle operation with variable

area test sections; i.e., changing the boiler inlet flow rate from the

vapor flow rate within a range (approximately _ i0 percent) resulted in

a change in the operating conditions of the jet condenser to accommodate

the initial mismatch. For example, if the inlet liquid flow to the boiler

was greater than the vapor flow leaving the test section, the vapor pres-

sure dropped, resulting in a higher vapor flow rate. Of course, this

condition only occurred due to the thermal lag associated with the boiler

heaters and materials. If a sufficient time were allowed (approximately

i0 to 15 minutes), the mismatch would again be obtained in the condenser

and the interface would eventually change location and/or collapse. How-

ever, these response characteristics simplified control and in addition,

indicate variable area jet condensers may be self-regulating, under some
/

circumstances, for small flow perturbations.

4.4 Instrumentation and Experimental Error

Pressure, temperature, and flow instrumentation were calibrated

over the range of operation for jet condenser tests. Calibrations varied

somewhat but the differences were small (_ 1/2 percent) on all instru-

mentation with the exception of the electromagnetic flowmeters. These

calibrations changed by approximately seven percent in six months due to

decreases in the permanent magnet strength. Table IV presents a summary

of the maximum probable error in measured parameters. This error estimate

is based on the scatter encountered in calibrations, and on the least

readings possible with the visual and electronic readout techniques used.

Differential pressure gage maximum error changed from test sec-

tion to test section as different range gages were used d,je to the changes
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TABLE IV

Summary of Experimental Error

Measured Parameters

Pressure (absolute)

ikw Test Loop

+ 1.0 psia

lOkw Test Loop

+ 1.0 psia

Pressure (differential) 0.i psid 0.2 psid-test Sec. NO. 3

0.5 psid- Test Sec. No. 4,7,8,9

2.0 psid- Test Sec. No. 5,6

Flow Rates 2 percent + 5 percent

Temperatures +2° F
m

+2° F

Condensation Distance + 1/16 inch + 1/16 inch
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in the magnitude of pressure rise. Testing of test Section No. 3 was

conducted using a gage with a range of I0-0-i0 psid. Test Section Nos.

5 and 6 were tested using the differences in readings from two absolute

gages (0-200 psig) to determine pressure rise. The latter technique was
used because someof the values of pressure rise were out of the range

of the existing differential gages.

Calibrations were conducted periodically on the gages _v_Lyt.......

3 or 4 test days). The maximum deviation among calibrations was always

less than the maximum error given in the table. Figure 33 is an example

of a calibration curve for the 0-50 psid gage. The zero reading on the

gages shifted slightly from "cold" to test conditions due to the change

in ambient temperature inside the test enclosure. However, the zero

values were recorded with no flow both before and after each test se-

quence and the average applied to the gage reading to determine the

actual pressure rise.

Thermocouples and the associated readout equipment were cali-

brated using the melting points of tin, lead, and zinc (450, 621, and

785°F respectively). Freezing curves were plotted on the recorder for

all thermocouples and the melting point determined by the constant tem-

perature portion of the curve. As indicated in Table IV, the maximum

deviation obtained of the readings from the above values was 2°F.

4.5 Sample Calculations

In order to illustrate the methods of data reduction, the

appropriate equations and sample calculations for Test Run #3-13-1 are

presented in this section. The location of the measurements can be

obtained from Figs. 22 and 24.
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Measured Parameters

T = 536°F
vo

T_o = 240°F

TLe = 408°F

P = 3.4 psia
vo

P. = 14.5 psia
1

Ap = 14.9 psid
a

m6o = 4200 Ib/hr

A£o = 2.32 x 10 -4 ft 2

Ato = 3.07 x 10 -3 ft 2

x = 1.0
vo

L = li0 in
c

21 = 0.895

o

A 2 -- 0.075

d -- 0.750 in
to

d. = 0. 206 in
l

A = 2.84 x 10 -3 ft 2
vo
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Ca icu la ted Parameter s

T6e " T6o 408 - 240
= = 0.572 (20)

X = Tvo - T_o 536 - 240

QR -= _6o Cp(T6e - T6o) = (4200) (_332)(408 - 240) = 22,600 BTU/hr (21)

QR (22,600)
= = = 173 ib/hr(22)

vo hfg+Cp(Tvo-T_e) 126.4 + .032(536 - 408)

= vo = (173_ = 273 fps (23)
Vv° @v Avo (.062)(2.84 x I0-3)(3600)

V_ o = p LA_,°
= _4200) = 6.09 fps

(828)(2.32 x 10 -4) (3600)

(24)

_v (0.062) 273) 2 = 29.9 (25)
: APa/PvVvo2/2g = (14.9) 464.4)(144)

AP6° = Apa/p6 V_o2/2g = (14.9)(64.4)(144)2 : 4.51 (26)
(828) (6.09)

Ap. = P. - P = 14.5 - 3.4 = ii.I psid (27)
i i VO

mR = '_Co/mvo 42001173 = 24.2

(°o P 22

A_(calc ) = 2A I I + _ o
mR I - A 2

(28)

8= (2)(.895) q" <14300)_ 075 . I + 2 E.895)2 + (.075) 23

= 4.50

o (p6V_ o2/2g)APa(calc) = (AP6(calc)) = (4.50) (828) (6.09) 21(64.4) (144) (30)

= 14.9 psid
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na = a_/_(calc) =

_i =

Re =
vo

2

(ptVto /2g) IAP.1

PvVvodto
==

_av

n IT
rg.go-i

k_t

4.52/4.50 = 1.002

(828) (6.09) 2/(64.4) (144) (I I.i)

(.130)(12) = 29,300

(828) (6.09) (.206) (3600)
(2.90)(12) = 107,500

= 0.298

(31)

(32)

(33)

(34)

VR = Vvo - V6o = 273 - 6.1 2267 fps (35)

XVLo
= _ = (.572) (6.09)

VR (267)
= 0.0131 (36)

1588-Final II 86



NOMENCLATURE FOR SECTION 4

T _

p -

AP -
a

-

A

X -

L -
c

o
A -
i

2 -

d

X -

QR -

C -
P

h fg -

0 ° -

-
V

V -

0

&P_. -

temperature

pre ssure

pressure rise from vapor to condensate

mass flow rate

area

qua lity

condensation length

area ratio of injector to throat

area ratio of injector to tube inlet

d iame ter

jet utilization factor

heat rejected in condensation of vapor

specific heat of liquid

heat of vaporization

dens ity

pressure rise divided by inlet vapor dynamic pressure

ve loci ty

pressure rise divided by inlet liquid dynamic pressure

O

mR -. mass flow ratio of liquid to vapor

_a - ratio of measured to calculated pressure rise

_i " ratio of ideal to measured injector pressure drop

Re - Reynolds number

- viscosity
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SUBSCRIPTS FOR SECTION 4

v - vapor

- liquid

o - inlet

i - injector

e - exit

t - tube

(calc) - calculated
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5: EXPERIMENTAL RESULTS

5.1 Presentation of Data

5°[_ Description of Tab, lated Data

Experimental data obtained for the jet condenser test

geometries (Table II) are summarized in Appendices D, E, F, and G.

Original data and performance parameters derived from the measured data

are included in tabular form.

For the data sets where condensation lengths are given,

quartz test sections were used and visual estimates were made. No

quantitative information for condensation length was available for runs

where metal test sections were used (for high pressure rise) _ Liquid

temperature measurements were made using turbulating devices (baffles,

screens, etc.) upstream of a sheathed thermocouple. However, tests of

jet condenser No. 8 were conducted with all obstructions removed in

order to Obtain the maximum liquid circulation rates. However, this test

unit was well insulated such that the measured temperatures (centerline)

should be within 5° to lO°F of the bulk temperature. No turbulation was

provided for vapor temperature measurements since saturated vapor test

conditions were used at all times. Vapor quality of unity was ensured

on all test runs (except 3-16-9) by superheating the vapor and then re-

ducing the superheat until saturated conditions were reached. For the

majority of test runs, this point was reached with very little or zero

power to the superheater (due to throttling of the vapor through the baf-

fle, integral superheater, and vapor valve).

Pressure rise was measured from a point in the vapor

delivery tube upstream of the injector to a point at the outlet of the

test section (cf. Fig. 24). No attempt was made to correct for pressure

losses due to injector drag and friction, or wall friction. For the

injector t,,h= ar== _=_ _d /n nT_ _h=== I_==_ ....... _m=]1 ( _ 5%)
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compared to the total pressure rise. Testing of one geometry with a

larger area ratio (0.20) resulted in losses which were too large to

record meaningful data. It should be noted that these losses were

characteristic of the particular injector configuration which was chosen

for testing.

Injector pressure drop was measured by determining the

difference between the absolute pressure in the liquid line upstream of

the injector and the vapor pressure upstream of the injector. Liquid

flow rate was determined upstream of the injection heater where the

mercury temperature was approximately equal to ambient (70 ° to 130°F).

Other parameters in the appendices are derived from the flow, tempera-

ture and pressure measurements using measured test section dimensions

which are summarized in Table II.

5.1.2 PerformanceParameters

A discussion of some parameters which characterize jet

condenser operation was given in Section 2. However, it may prove use-

ful to summarize the more important of these, which will be used as a

basis for comparing performance for different geometries of varying flow

conditions. These parameters or modifications will form the dependent

variable for the majority of the curves to be presented in this section.

o Apa/P_V_o2/2gi. AP_ = The non-dimensional pressure rise re-

ferred to injected liquid dynamic pressure relates the total

pressurerise to the pressure drop required for injection with

an ideal injector.

2. pLV_o2/2g

. AP i The injector efficiency relates the ideal

injector pressur e drop to measured values of pressure drop.

These include bend and frictional losses.

o 2/2g3. AP = AP /p V The non-dimensional pressure rise re-V a v vo

ferred to vapor dynamic pressure relates the pressure rise to

inlet vapor conditions. A convenient parameter is therefore

obtained .-K^---L--W,=L=U_ the absolute magnitude of pressure rise can be

determined for a set of fixed vapor conditions.
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4. _a = APa/_Pa (calc) The ratio of actual pressure rise to
that calculated for a constant pressure model furnishes an

indication of the effects not included in the theory of Section

3.2. In addition, a basis for extending test results to other

geometries and flow conditions is provided.

5o L The condensation length provides an indication of the
c

required Condenser size and for a given vapor flow rate is in-

versely proportional to the average heat transfer flux.

Information on all parameters is presented for the con-

stant area geometry tested. Pressure rise and condensation length were

varied over a wide range. However, variable area geometries required a

fixed location of the vapor-liquid interface for design operation. Con-

sequently, information on heat transfer is mainly a correlation of the

values of flow parameters required to maintain the interface at the throat

location. Pressure rise characteristics were determined for all geome-

tries. However, problems of injector-throat alignment and dimensional

control resulted in inconsistencies for small diameter-variable area data.

Consequently, the maj0r_ty of variable area pressure rise plots were de,

rived from test results for the large diameter (0.75 in. i.d.) units.

Performance parameters for all test runs are sunT_arized in the appendices.

5.1.3 Parameters Controllin_ Performance

The values of condensation length and pressure rise for

jet condenser operation are primarily influenced by the liquid-vapor mass

flow ratio, density ratio, and temperatures. Consequently, parameters

derived from these quantities form the independent variables for most

plots, The importance of mass flow ratio and density ratio have been

previously discussed in Sections 2 and 3. However, there are several

ways in which the operating temperatures of a jet condenser can be ex-

pressed and related to other quantities. These temperature relations _

will be discussed in this section:
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I .

T_e - TLo

X = Tv ° _ TL ° The jet utilization factor expresses the ratio

of the enthalpy change of the liquid to the amount it would

experience if it were raised to vapor temperature. The deriva-

tion of this parameter from a heat transfer analysis and dis-

cussion of its significance in a jet condenser system is given

in Section 3.4. In addition relationships with other parameters

are developed, viz:

i i

X = Tv ° _ TL e = _Tsc
+ i

TLe - T_o _TR
+1

1
)_ = O "0

- mR*+ im R

,

Thus, plots with X as the independent variable can be rearranged

such that the independent variable is the outlet subcooling,

"radiator" temperature drop, or excess mass flow ratio. When

vapor and liquid flow rates are held constant and the tempera-

ture varied, X appears to be the controlling function which in-

fluences condensation length and/or pressure rise.

XVL_

VR b The modified utilization factor is an empirical

quantity which appears to provide the best correlation of the

flow conditions required for a vapor-liquid interface to occur

at the throat location in variable area condensers. For constant

area jet condensers this same parameter (with different expo-

nents) appears to have the most direct influence upon the con-

densation distance when liquid and vapor flow are varied, in

addition to variations made in temperatures.
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5.2 Constant Area Condenser

5.2.1 Condensing Lensth

Curves of ............. jet .......conuensac/on zengcn vs. t[_ uez±izanlon

factor are shown in Fig. 34 for several average liquid-vapor mass flow

ratios for test Section No. i. A significant feature of each curve is

the appearance of three general regions. In the first region at low

values of X, large changes in jet utilization factor can be accon_nodated

with very little effect on condensation length. The second region

represents a transition zone where changes in utilization factor produce

moderate changes in condensation length. In the third region (which

should be avoided in operation of a jet condenser in a power system),

small changes in jet utilization factor can produce very large changes

in condensation length. As an example, in Fig. 34, for the curve to

the extreme right, the first region on the curve extends up to values of

X of about 0.7. The second region corresponds to a range of jet utili-

lization factor from 0.7 to 0.87. The third region exists for a jet

utilization factor greater than 0.87. The value of X at which the

condensation length exhibits a rapid increase appears to be dependent

upon the mass flow ratio of liquid to vapor. For example the curve for

o _ o

mR = 66 rises at a value of X= 0.6 while the curve for m R = 16 rises at

X _ 0,85.

Choice of a high jet utilization factor in a jet conden-

sing system has the effect of reducing liquid radiator weight and

reducing the excess mass flow ratio (cf. Sec. 6). However, high values of

X may result in excessive condensation lengths, unstable conditions , and

(as will be seen later)poor pressure recovery characteristics. A

correlation of the relation between condensation length and X(or _) for

varlat_on_ _n n_hpr _1_., parameters is therefore important _..... _-: .....

design purposes.
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Flowparameters have a strong influence on condensation

length for a given jet utilization factor. As the vapor velocity is

increased with liquid injection flow rate held constant, shorter conden-

sation lengths are obtained for the samevalue of utilization factor.

For example, curves (i) and (3) correspond to the same liquid injected
flow rate with different vapor flow rates. Curve (i) which has a vapor

velocity of about 55 fps showsa condensation length of 2-1/2 inches to

occur at a value of X= 0.7. Curve (3),which is for a vapor velocity of
about 130, gives a condensation length of only 3/8 inches for the same

value of X. A probable reason for this increase in heat transfer rate

is the increase in heat transfer area caused by the greater breakup of

the liquid jet due to higher values of vapor shear.

As the liquid injected flow rate is increased with vapor

flow rate held constant !onger condensation lengths occur for the same

value of utilization factor. Curves (5) and (3) are for the samevapor
velocity with mass flow ratios of 13.5 and 30 respectively. Curve (5)

showsa condensation length of 3/8 inches at X = 0.8, while Curve (3)

gives a condensation length of i inch for the samevalue of X. This

variation is probably due to two effects:
I. Decreasing liquid velocity results in a larger v_1,e

of the relative vapor velocity (Vvo - V6o) which
increases vapor-liquid shear and heat transfer area.

2. Decreasing liquid velocity increases the time a given

particle of liquid spends in the vicinity of the

vapor. Thus, it is able to absorb a greater amount

of heat and condensemore vapor in traversing a

given distance.

In order to incorporate these effects in the presentation

of data_ two additional plots were made. In the first plot, jet residence

time, which is defined as the condensation length divided by the jet

velocity, was plotted vs. jet utilization factor. This plot resulted in

two curves, or two groups of data points, for two different vapor flow rates.

For the next step jet residence time was plotted vs. the jet utilization
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factor times the relative velocity (Vvo V£o) raised to an undetermined
exponent. Previous work on sprays has indicated the relative velocity to

be an important variable in determining drop size (Ref. 13). Plots were

made for different values of the exponent until that value which gave the

least spread of test data was found. The results are presented in Fig. 35.

The best fit of data was obtained when jet residence

time L / I00 _i/4
, __q_cwas plotted versus _ = X I- _ J

A possible operating point for a preliminary design would

be at a value of _ of about 0.75 as indicated by the dashed line in

Fig. 35. If this value were taken as the operating point, then the

following relations would hold for condensation length, jet velocity,

jet utilization factor, and relative velocity between the vapor and

liquid:

L
c

o.o2o (37)

n C00)
In general, it is desirable to use the highest possible

values of critical _ in order to minimize the mass flow ratio for a given

radiator temperature drop. However, a compromise may have to be made to

obtain high values of pressure rise and injector efficiency.

If the operating point were chosen to be below the

indicated value of _ = 0.75, then of course the above relationships do

not hold. Choice of such an operating point might be made in order to

obtain a particular pressure augmentation characteristic or minimize

condensation length.

5.2.2 Pressure Rise

The values of pressure rise obtained during testing of the

constant area jet condenser, while not exceedingly high, provide infor-

mation of several important trends. The influence of mass flow _-atio

and jet utilization factor upon pressure rise are illustrated. _

comparison of measured pressure rise with predicted is furnished and
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the efficiency of the central injector test geometry is examined.
The net pressure rise divided by the dynamic pressure of

the inlet vapor is plotted vs. mass flow ratio in Fig. 36. A trend of
increasing pressure rise with increasing mass flow ratio (for fixed vapor

conditions) is shownwhich is similar to the trend predicted by the
O

constant area pressure rise analysis. The theoretical curve for p = 2000

is plotted for reference. The differences between test values and the-

oretical may possibly be attributed to frictional and mixing losses and

to differences in vapor density for the test data compared to the calcu-

lated example.

The large amount of scatter of Fig. 36 is due to the

variations of X at each mass flow ratio. Increasing values of k produce

longer condensation lengths (Fig. 34) and hence larger frictional and

mixing losses. This effect is illustrated in Figs. 37 and 38, which show

the effect upon pressure rise of variation in the jet utilization factor

at a constant mass flow ratio. Separate curves were determined for mass

flow ratios of 13.6, 16.0, 22, 31, 64, and 69. In these plots the pres-

sure rise is made non-dimensional by dividing by the dynamic pressure of
O

the injected liquid. This parameter, APL, illustrates the influence of

X better than A_ due to better control and measurement of the liquid
V

flow characteristics during testing than those of the vapor flow.

For the four lower mass flow ratios (13.6, 16.0, 22 and

3D a value of X is reached at which the pressure rise falls off rather

sharply. The value of X for the decline appears to be a function of mass

flow ratio, For example, for the above mass fl0w ratios the values of k

are about 0.89, 0.89, 0.85 and 0.79. The reason for this behavior is

probably the influence of vapor and liquid conditions upon the relation

between condensation length and jet utilization factor. For example,

operation with a lower mass flow ratio means a lower liquid velocity (for

fixed vapor conditions) and a longer residence time of liquid in vapor.

Thus a higher value of X is possible (for the same condensation length)

than for higher mass flow ratios. On the above curves the value of

ideal pressure rise is also plotted for each mass flow ratio. This
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quantity appears as a horizontal line since frictional or mixing losses

were not included in the analysis.

o

The highest value of AP£ obtained during testing was

approximately 0.17 for a mass flow ratio of 16,0. This point was

obtained at the peak of that curve at a value of X of 0.87. In general

.I I _ __ A O • •

5ne valu_ u,- _r2_ ; .......... -.-i_ mm_e Flnw rmt_o. For example.
o

the maximum value obtained for m R = 69 is about 0.13. Of course the

absolute magnitude of pressure rise can be higher for larger mass flow

o

ratios. The maximum pressure rise obtained at m R = 69 was about 5.0 psi
o

which can be compared to a maximum of about 1.5 psi for mR = 16.0

The measured pressure rise appears to be closest to the

calculated pressure r i se for the test runs which had the highest

ratio of liquid mass flow to vapor. This trend is shown in Fig. 39 which

contains a plot of qa the ratio of actual to theoretical pressure rise,

vs. the jet utilization factor, X. Lines of constant mass flow ratio,

o o which
mR, are shown. The curve for mR = 69 exhibits peak values of qa

are greater than 90 percent. However, the curve for the lowest mass

flow ratios (13.5 - 16.0 i has a maximum value of TIa of only about 75

percent. The increase in losses resulting from operation of this

geometry at lower mass flow ratios may be due to increased frictional and

mixing losses. For the constant area geometry the main source of

pressure rise appears to be the kinetic energy of the injected liquid.

Operation at a lower mass flow ratio means the vapor flow is greater rela-

tive to a fixed injected liquid kinetic energy. Thus, frictional losses

due to the vapor flow will be greater relative to the pressure rise resulting

from the liquid,and _a will be less than for a higher mass flow ratio.

This figure also illustrates the narrow range of operation

for lower mass flow ratios. For example changing X from 0.75 to 0.89

results in an increase in _a from about 0.5 to 0.75. Further increases

in )< from 0.89 to 0.90 result in a very steep drop in _ from 0.75 to
a

-_.._- 0./n "_m_,_'_e,_n _ th_ eu_v_ w_th the corresDondin_ curve

(No. 6) of Figure 34 provides the possible explanation for this behavior.

The region of _< for peak pressure rise appears to be the same region of
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X in which condensation distance is very sensitive to small changes in

X. Very small changes (e.g., from 0.89 to 0.90) result in very large

changes in condensation distance (from about 1.0 to 4.5 inches) with

corresponding greater increases in frictional losses. As indicated pre-

viously, operation of a jet condenser system at higher values of X is

desirable in order to achieve a higher average liquid radiator temperature.

However, considerations of stability, range of operation, and pressure

rise must also be weighed in the selection of operating conditions.

The remaining aspect of performance of the test geometry

as a pressure augmenting device is the efficiency of the injector. The

pressure drop which would be required in a perfect injector (Cd = unity

and no bends or restrictions) would be p%V£o2/2g. However, for the

geometry tested, the fluid is brought in perpendicular to the tube axis

(cf. Fig. 24) and then undergoes a 90 ° bend, which produces losses. The

injection pressure drop included this loss as well as line losses. The

injector geometry was chosen to achieve simplicity of construction. In

a design intended to reduce losses, the liquid would probably be accel-

erated from a low velocity to the injection velocity in a straight run

with no flow obstructions or direction changes. Thus the only losses

should be those encountered at the injector outlet.

Figure 40 furnishes the ratio of ideal injector pressure

drop to the pressure drop measured for the constant area test geometry.

Values appear to range between about 0.5 and 0.8. Some dependence upon

vapor dynamic pressure and liquid dynamic pressure may be indicated but

the data are not conclusive.

5.2.3 Stability and Startup

Several aspects of jet condenser operation and its inter-

action with the other portions of the flow loop were studied during this

program.

i.

2.

3.

Included among these were:

Outlet fluid state

Fluctuations in condensation distance

Startup and interface formation processes

1588-Final II 103



N
°_

O.

<_

N O

II

i i i i i i i i i
--0 VAPOR DYNAMIC PRESSURE : 18- 23.5psf

/_k VAPOR DYNAMIC PRESSURE : 69-- 158 psf

o_

I I I I I

,,z, 1.0

,,, o.6_ _ _..
0 0.4
I--
¢.)

0.2
Z
-- 0

0 2000 4000 6000 8000

LIQUID DYNAMIC PRESSURE, _ V |:to/2g, psf.

FIG. 40 INJECTOR EFFICIENCY VS LIQUID DYNAMIC PRES-

SURE FOR CONSTANT AREA JET CONDENSER

1588-Final II 104



At no time during operation of the constant area jet

condenser did slugging or vapor pockets at the outlet occur. This was

observed over the range of operation conditions of Table III. Vapor

_oo,._o_ oe _ho o,,elp_ nnlw when v _y_l,,_ were such as to oroduce con-

densation lengths greater than the test section lengths.

The most noticeable flow disturbance observed was the

oscillation of the condensation distance. The maximum oscillations

occurred in the constant area condenser at high values of jet utilization

factor (or in the region of operation where condensation length is very

sensiti_e to small changes in jet utilization factor). Oscillations of

as much as 2 inches were observed for condensation lengths of 5 to 6

inches. The oscillations were observed to decrease as condensation

distance and jet utilization factor decreased, and below condensation

lengths of about 1/2 inch, oscillations were always less than about

1/16 inch.

These oscillations were probably due to three effects:

I. Since these movements occurred during operation of

the jet condenser in the "third region' discussed

in Section 5.2.1, the oscillations could be due to

local perturbations in temperature or mass flow rate.

2. Pressure fluctuations resulting from the sudden

expansion of the liquid jet were probably a factor.

3. The presence of a constant pressure reservoir down-

stream of the test section during most test runs

resulted in a source of fluid to feed any upstream

pressure oscillations.

The magnitude of the oscillations decreased when the

reservoir was isolated from the rest of the test loop. Although

oscillations in condensation distance existed, fluctuations in flow

rates and outlet pressure of less than 2-3 percent were normally encoUn-

tered.
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Other aspects of condenser operation which were examined
were the problems of startup and interface formation. A series of tests

were run in which subcooled liquid was injected into the test section

initially filled with vapor. The resulting sequence of interface forma-

tion was recorded with a Fastax cameraoperating at 2000-4000 fps.
Figure 41 is a series of frames taken from the films

o=_ =_=LL. _Li_L_=_=L _L_UI=vapor _owzng=_,=L=_y _._ ...... is seen

from left to right through the test section. In the second frame sub-

cooled liquid is injected from the left concurrent to the vapor flowrate.

In the ensuing frames the vapor-liquid interface, which was formed down-

stream, is moved to the operation point under the action of forces pro-

duced in the condensation process. The gradual establishment of the

final interface location suggests the process of interface formation may

be due mainly to the pressure forces resulting as the vapor is condensed

rather than a shock type process.

It should be noted that the above procedure is not the

same used during normal startup. The sequence used most often consisted

of circulating liquid and then introducing the vapor <cf. Section 4.3).

5.3 Variable Area Jet Condenser

The performance of several converging-diverging jet condenser

geometries was measured during this investigation. A total of six test

units were operated, condensing mercury vapor over a range of flow vari-

ables _ables II and III). As discussed previously, the main purpose

for use of a converging-diverging geometry was to increase the pressure

rise in the jet condenser. This result was demonstrated experimentally.

In addition, improved heat transfer characteristics and flow stability

were also realized compared to the constant area units. Four of the test

units, which are denoted small diameter geometries , had a vapor internal

diameter of 0.19 inches at the inlet. The other two (large diameter

geometries) were constructedwith a vapor internal diameter of 0.75 inches.

The results of testing small diameter geometries are limited

_,,= +.... _i= ° _ _i_ i,L_ uL_= injector_ _ ......o _ =_ _ anu ene uzmensionai control
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possible in the smaller sizes. Consequently, the data obtained with these
smaller diameters are primarily useful for providing heat transfer char-

acteristics and for indicating trends in pressure rise, operating range
and control. Data obtained for the large diameter geometries are useful

in establishing both heat _n_f_r _nd press_,re rise characteristics for
these units. Sufficient control and measurementof geometric and flow

variables was obtained to enable useful comparisons of experimental pres-

sure rise with theoretical. The small diameter data are therefore used

mainly for heat transfer comparisons and illustration of pressure rise
trends which are not available from large diameter data due to the limited

geometric variation.

5.3.1 Jet Profiles

High speed motion pictures were used to record jet pro-

files over a range of operating conditions for the variable area units

tested. Items of interest which are apparent in the films are surface

wave phenomena, the physical appearance of vapor-liquid boundaries, and

the state of the outlet liquid.

Figure _2 shows the injected liquid jet profiles result-

ing from operation with four different mass flow ratios of liquid to vapor.

Vapor and liquid are injected at the left and flow to the right. Vapor

temperature, flow rate, and Reynolds number based on inlet diameter are

nearly constant for all test runs in this figure. The variation in mass

flow ratio was obtained by varying the injected liquid mass flow rate.

The changes in liquid flow produced a variation in mass flow ratio from

15.3 to 50.8 which corresponds to a range of liquid Reynolds number (with

the initial jet diameter as the characteristic length) of 66,900 to 214,000.

The average vapor Reynolds number is about 26,800 for the four test runs.

A striking contrast exists between the jet profile at

the lowest mass flow ratio and that at the highest ratio. In frame "a"

(the lowest flow ratio) the jet structure is extremely varicose with the

irregular protrusion of large fingers of liquid and a meandering charac-

teristic of the jet. The liquid is rapidly accelerated by the vapor and
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in one region occupies a flow area which is less than 15 percent of the

initial jet flow area. The velocity of the liquid at this location

appears to be about 25 feet per second, compared with an initial velocity

of 3.8 feet per second.

The acceleration of the liquid phase is probably mainly

due to energy transferred from the vapor by two mechanisms:

I. Momentum is recovered from vapor condensing on the liquid phase.

2. Shear forces occur at the vapor-liquid boundary because of the

high velocity of the vapor relative to the liquid.

At lower mass flow ratios the initial momentum transfer

to the jet is probably greater than for higher mass ratios because the

injected liquid has a lower initial temperature, which provides a greater

driving force for condensation (cf. Section 2). The liquid should there-

fore experience larger axial and radial forces at the point of injection.

The axial force should contribute to the axial acceleration of the liquid.

Since the inertia of the injected liquid is lower relative to the internal

shear forces, deformation of t_e jet due to the shear mechanism is more

pronounced for lower mass flow ratios than for higher values.

Examination of frames "c" and "d" shows that as higher

liquid Reynolds numbers and higher initial liquid temperatures are en-

countered, the jet becomes straightened and loses the varicose character-

istic. Surface waves are still present but are apparently not as signif-

icant relative to the structure of the jet interior. At higher mass flow

ratios, such as "d", the liquid flow area appears to increase from the

initial value. As discussed in Section 2, the increase in jet area at

higher flow ratios may imply that the momentum transferred from the

condensing vapor has effected an increase in the internal pressure in the

liquid jet rather than increasing the velocity, which apparently occurs

at lower mass flow ratios.

The above profiles have a practical significance in the

choice of throat size for a jet condenser. Operation at lower mass flow

ratJog...........m_vj enable.... the use of a throat which is smaller than the injector

in order to achieve improved pressure rise. Operation at higher ratios
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1- I I I L C ~ ~ ~ ~ ~  e -.-F - ,-. is f i x e d  a t  the  t h r o a t  l o c a t i o n .  A b l u i s h  d i s c h a r g e  

1588-Final 11 112 



may require the use of a throat which is significantly larger than the

injector if impingement of the jet on the converging wall is to be

avoided.

The above profiles were obtained with effective film •

exposure times of about Iu seconds. Consequently, the irregularities

of the jet and periodic phenomena are clearly revealed. However, the

appearance is radically different than that observed visually. Figure 43,

which contains photographs taken with an exposure time of about 0.I second_

shows operation of a jet condenser as it appears to the eye. No jet irregu-

larities or fluctuations are apparent in either this photograph or from

motion pictures taken at normal speed (24 frames per second). No

measurable fluctuations in performance were found to occur during

steady state operation of these units.

A consecutive sequence of several frames from a high speed

motion picture is shown in Fig. 44. The condenser is the unit of Fig. 42

and the test run is number 3-15-3. The formation of surface waves and

protrusions is illustrated in these pictures. The waves are formed and

grow in size until colliding with the wall or final interface. The

irregular nature of the flow and constantly changing surface area appear

to have only a small influence on the location of the final Vapor-liquid

interface. The surface waves attain higher velocities than the initial

jet velocity. For example, the wave indicated by the arrow can be seen

to traverse about O.4 inches in the total duration of 1.4 x 10 -3 seconds

for a velocity of about 24 feet per second. This value can be compared to the

injection velocity of 4.8 feet per second. If this velocity head were

entirely converted to pressure, a ratio of pressure rise to injected

liquid kinetic energy of about 24 would result ( compared to a measured

value of 6.3). If the throat size were reduced to avoid further expan-

sion losses resulting when the final interface is formed, much higher

pressure rise might therefore be obtained for this mass flow ratioe

5.3.2 Heat Transfer

The most direct indications of the heat transfer charac-

teristics of a jet condenser are the length required for condensation of
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FIG. 44 JET ~~~~~ OPERATION - CQNSECUTTVE FRAMES FROM KfGH SPEED W I O N  
PICTURE. (See Fig. 4 2  for explanation) TEST SECTION NO. 8 TEST RUM 
NO. 3-15-3. Note: There is an interval of approxinrately 0.13 
milliseconds between each frame. The t o t a l  elapsed time for the 
sequence is about 1.4 milliseconds 
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FIG. 44 (coat . )  JET CONDENSER OPERATION - CONSECUTIVE FRAMES FROM HIGH SPEED 
MOTION PICTURE. (See Fig. 42 for explanation) TEST SECTION 
NO. 8 TEST RUN NO. 3-15-3. Note: There is an interval of 
approximately 0.13 milliseconds between each frame. 
total elapsed time for the sequence is about 1.4 milliseconds 
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the inlet vapor flow and the enthalpy increase of the jet relative to the

total possible enthalpy increase. Depending upon the values of these

variables, heat transfer coefficients for condensing may range from

zero to greater than two orders of magnitude higher than those resulting

#_ _1_ n_ A_n. _.,_:_ rnnA_=_nn Th_ T_nn_ fnr thiR behavior

were discussed in Section 2.

Test results for constant area jet condensers showed

the influence of jet utilization factor and other flow variables on

condensation length. Wide variations in condensation length were possible

during tests and in selection of the design operating point for a given

constant area geometry. However, in the convergent-divergent condensers

the interface must occur at the throat location,which is fixed by the

geometry (cf Fig. 3), for maximum pressure rise and stable operation.

Consequently, for a given test unit experimental results mainly provide

information on the values of flow parameters required to maintain the

interface (or condensation length) at the design point (throat). The

most important flow variables examined for the variable area test units

were jet utilization factor, injected liquid velocity, vapor velocity,

and density ratio (vapor temperature).

Scaling Criterion

The distance from injector to throat (1/4 inch) for the

small diame=er variable area units was selected on the basis of the

small diameter constant area test results (Section 5.2.1). The distance

from injector to throat in the large diameter units was selected by

choosing the ratio Lc/dtotO be a constant. Thus the condensation distance

was scaled up directly as the diameter with the estimate that the value

o

of flow parameters (X, V£o , Vvo - V£o , and p ) required to maintain the

interface at the throat locationwould be the same for both sizes. The

basis of this scaling criterion was as follows:
o

If X, V6o,Vvo-V6oand p are constant and are the signi-

ficant parameters in the internal heat transfer of the jet, then the

remaining parameters which should influence the heat transfer are the

amount of vapor to be condensed and the surface area of the jet available
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for heat transfer.

cient h and temperature difference
C

parameter then

_vohfg = h Aj _TC C

or

In particular if some average heat transfer coeffi-

are determined by the above four
C

VO

--_ C1

2
But %o _ dt

and A. _ L d.
3 c I _Lcd t (since the area ratio _2 is fixed)

There fore

2
d t

Lcd t

L _
c

C2 or

C3d t

Performance Results

The results of testing the four small diameter units and

two large diameter units are shown in Figures 45 and 46. In these curves

the value of a correlating factor, _ = XV6o/V R is plotted versus density

ratio for all test runs where the interface was in the throat. For

the smaller diameter units, where visual estimation of condensing length

was difficult, test runs were selected where measured pressure rise was

50 Percent or greater of the pressure rise calculated with the interface

in the throat. The factor XV£o/VR was determined by trial and error to

provide the best correlation of test data. This correlating parameters

i s similar to that of the constant area geometry except that the

relative vapor velocity enters with an exponent of unity instead of one

quarter indicating a much stronger influence.

The value of X obtainable for a particular set of the

other parameters is provided by the curves. As noted above X is the

fraction of the heat absorbing capacities of the jet which can be

utilized for a given condensation distance. A value of X equal to unity
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would result in the liquid radiator inlet temperature being equal to

the vapor temperature. Thus, the radiator would operate at the highest

possible temperature and would require the smallest size.

The effects of V_o and VR on _ are as follows:

Higher values of liquid velocity, V%o , result in a shorter residence

time of liquid in vapor. The fraction of the heat absorbing capacity

of the liquid which is utilized (_ is therefore reduced. On the other

hand, high values of vapor velocity relative to the liquid (VR = Vvo - V_o)

produce higher shear forces and tend to promote physical mixing, increas-

ing the heat absorbed by the jet in a given distance. The vapor density

has an important effect upon the jet. Increasing values of vapor density,

(decreasing values of_ ) produce a higher flux of vapor molecules upon

the jet. Thus for constant valuesof _ and VR, decreasing _ results in

increases in X.

The figures shown illustrate these trends. For example

from Fig. 45 the value of XV6o/VR which produces an interface at one

inch (large diameter test unit) decreases from about 0.i0 at _ = 2000 to

about 0.045 at _ = 6000. "Further increases in _ above about I0,000

appear to effect a very rapid decrease in the value of _ which can be

achieved with the interface at the throat location. The reason for the

o
strong change in trend around P = i0,000 is probably that as the vapor

becomes more rarified the limlting resistance in the heat transfer

process becomes the vapor flux attainable at the jet surface rather than

the internal liquid heat transfer.

The curves of Figs. 45 and 46 indicate that for a given

value of vapor density the value of X for a given condensation distance

can be increased by either increasing the vapor velocity or decreasing
O

the liquid velocity. For example, the values of _ at p _ 2600 (700°F)

for Fig. 45 were obtained with a variation of X from 0.71 to 0.95.

Of course, variations in V o and VR to achieve better heat transfer

characteristics will also influence the pressure rise through the jet _

condenser, znueracclon DeEween Lnuuu pu_LuLm=,u= _=L=.L=ters °._

limitations on the value of X are discussed in Section 6.
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The relatively close agreement between figures 45 and 46

is significant for scaling of heat transfer results to larger sizes.
The performance curves of _ versus _ are identical at _ = 2000 with the

curve for the smaller diameter (0.19") test units falling off to a

maximumof about 30 percent lower than the curve for larger diameter
O

geometries (0.75") at p = 6000. Moreover, the discrepancies may well

be due to measurement and alignment inaccuracies for the smaller units.

If this result is valid, then even larger geometries scaled such that

the ratio Lc/dto is equal to 1.3 should exhibit nearly the same curve

of XV_o/V R versus _ as the two groups of smaller units. Minor adjust-

ments in the values of V%o and VRmight be required to achieve the de-

sign value of X. However, it would appear that such an extrapolation

may even be conservative (larger values of X attainable than predicted),

since the curve for the larger test units is somewhat higher than that

of the smaller geometries.

In order to illustrate the use of these curves, consider

Fig. 45. If this geometry were to be operated at 700°F with a jet

utilization factor of 0.90 then:

_ 2600

= 0.075 from curve

V_o/V R = 0.075/0.90 = 0.083

Thus the ratio of liquid velocity to relative vapor

velocity should be about 0.083 to maintain the interface at the throat

location. If an inlet vapor velocity of 200 fps were specified, then a

liquid velocity of:

= (o083)(VvoV o)

(0.083)(200) = 15.3 fps
or V_o = 1.083

would be required for operation with the interface at the throat location.

Range of Operation

Part of the scatter in Figs. 45 and 46 is due to the fact

that for each geometry there is a limited range of values of _ which can

............ _=L_=u= x_ uu zemain in the throat. A series of tests

was conducted on the large diameter test units to produce variations in
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and to observe the changes in condensation distance. The results of

these tests are surmnarizedin Fig. 47. For each test run shown the

vapor inlet flow rate and temperature and liquid inlet flow rate
were held nearly constant. Temperature of the injected liquid was then

varied to produce the .... in '" Chan es _- _ ............... ly ......

changing values of X. However, small variations in vapor and liquid flow

rate occurred as the inlet liquid temperature was varied. Thus changes

in the factor XV6o/V _.. had to be considered rather than X only. The

results for tests at the higher vapor temperatures (725°F) indicate

_(or X) may be varied by as much as _ 15 percent with the interface

remaining in the throat. Tests conducted at a lower vapor flow rate

(126 Ib/hr vs 210 ib/hr) than this example showed a reduction in this

range to about _ 5 percent. Combining the results of the two curves for

lower vapor temperatures (553- 560°F) and higher flow rate (170 - 182

Ib/hr) indicates a range of _(orX ) of about + 24 percent is possible.
m

These results are important for operation of a jet condenser in a power

system. A relatively large range of operation of of X, V6o or VR can

be tolerated with this geometry without losing the vapor liquid inter-

face from the throat with the subsequent degradation of pressure rise

and stability. Quantitative data as shown in Fig. 47 are not available

for the large diameter geometry in which the throat length was reduced

from about 1.5 inch to .25 inch (Test Section No. 8). However, obser'

vations made during test runs indicate the maximum range of operation of

for this geometry with the interface in the throat was about _ 5

percent. Thus it would appear that use of a constant area throat can

contribute significantly to increasing the range of operation possible

for variable area jet condensers.

5.3.3 Pressure Rise

One of the most important advantages exhibited by variable

area jet condensers over constant area units is higher pressure rise

from vapor to condensate. Results of the analysis in Section 3 provided

the first indication of this conclusion. Experimental verification of

the hig h pressure rise performance of variable area jet condensers was
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also obtained and is reported in this section. For example, Fig. 48

summarizes some representative test runs for the constant area jet

condenser and four small diameter variable area test units. The data

points are the maximum pressure rise which could be obtained during tests

conducted within the vapor temperature and mass flow ratio range indicated.

Pressure rise and pressure rise divided by liquid dynamic pressure are

plotted vs. the ratio of injector to throat area. The area ratio of

0.072 represents the constant area jet condenser and the data points

at the other four area ratios are for the small diameter variable area

test units. Pressure rise is increased from about 6 psi with the constant

area condenser to a peak of 62 psi with the variable area unit with an

area ratio of 0.83. Non-dimensional pressure rise increases from about

0.15 for the constant area geometry to a maximum of 1.4. Thus, for

these tests, an increase in pressure rise performance by a factor of about ten

was demonstrated. (The decrease encountered for still higher area ratios

for these smallgeometries is probably due to impingement of the jet upon

the chamber wall.)

Performance Characteristics

In order to obtain pressure rise performance of variable

area jet condensers the test units described in Table II were operated

over an extended range of variables. As discussed previously, problems

of alignment and dimensional control produced a great deal of scatter

in data for the small diameter units. Therefore, performance and trends

for variable area jet condensers will be mainly derived from test results

for the large diameter units. Performance is described by two parameters:

the ratio of pressure rise to injected liquid dynamic pressure and the

ratio of pressure rise to inlet vapor dynamic pressure. The former is a

measure of the jet condenser's efficiency as a pumping device. For a

_6 of unity and a perfect injector (discharge coefficient -
value of

i.0) the pressure increase addedto the vapor is equal to the pressure

drop required to inject liquid, and no net pumping power is required to

u_uu_aL_ _½u_u c,_ougn the jet conoenserl component itse I_±_. vaiues of
O

_6 greater than unity mean an excess pressure (AP0 - I) (P_V_o2/2g) is
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available for circulation of liquid external to the jet condenser (as

in a liquid radiator loop). In this instance, the condenser also becomes

a circulating pump _lich is driven by the thermal energy of the vapor.
O

The parameter, APv, provides a convenient means for

the designer to determine the pressure rise through the condenser

(APa) when vapor inlet conditions are fixed (PvVvo2/2g).

The pressure rise divided by liquid dynamic pressure

is plotted versus mass flow ratio in Figs. 49, 50, 51 for the two large

diameter jet condensers. All test runs with the interface in the throat

and with a pressure rise greater than 2.0 psi are shown.

A_£ were obtained which are as much as eightValues of

times the values which could be achieved if the vapor and liquid dynamic

pressure were the only sources of pressure rise. For example, in Fig.

value of &P£ obtained is about 12. That is, the measured49 the maximum

pressure rise through the jet condenser (gPa) is 12 times the dynamic

of the injected liquid(ppVgo2/2g_ ). For thispressure particular test

run the dynamic pressure of the inlet vapor (PvVvo2/2g) was only about

0.4 times the liquid dynamic pressure. Thus the ratio of measured

pressure rise to the sum of the dynamic pressure terms is 8.7. In order

for this result to occur, conversion of vapor thermal energy to liquid

mechanical energy must occur in tile jet condenser. This experimental

result supports the conclusions reached in Sections 2 and 3. As a conse-

quence a very large source of energy is made available for liquid circu-

lation in a Rankine cycle system.

O O

All three curves of gP6 versus mR show the trends

predicted byanalysis; i.e.,

I. Decreasing mass flow ratio produces an increase

in the ratio of pressure rise to injected liquid

dynamic pressure.

2. Increasing density ratio (decreasing vapor density)
O

usually effects an increase in 6P6"

maximum density ratio of the test runs for reference. As can be seen
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the trend of the analysis is followed relatively closely over the range
of A (1.7 - 12.0) and mass flow ratio (13-66) for these curves. The

deviations which do occur for the two lower vapor pressure curves and

for the curve of higher vapor pressures (Fig. 50) may be due to deviations

in the wall pressure from inlet pressure (cf. Section 3) and frictional

and momentum losses.
O

The lowest value of APp obtained for ste_dy-_r_e_ _pera-

tion with the interface in the throat location was 1.25 with the majority

of the test data falling above 1.5. Thus, for these operating variables and

for a perfect injector (discharge coefficient of unity), the pressure

increment added to the vapor would always be greater than that required

to inject the liquid. For a mercury Rankine cycle system the operating

parameters for a jet condenser would probably include a vapor temperature

of 600-700°F and a mass flow ratio of 20-40. For these conditions the
O

large diameter jet condensers tested had a range of AP% of about 1.25

to 2.0. However, if the geometric trends of the analysis are followed
O

(as were those for flow variables) higher values of AP should be obtain-

able for these condition6 by use of a larger area ratio of the injector

to tube inlet.

o
Figure 51 contains a point at mR = 11,5 for which stable

operation of the jet condenser was not possible. An attempt to operate

at this lower value of mass flow ratio resulted in very large oscillations

in the interface location and vapor and liquid flows. Non-dimensional

O

pressure rise was decreased from the points at mR = 15.0. The flow

conditions for this point are given in Appendix F.

The pressure rise divided by inlet vapor dynamic pressure

is plotted in Figs. 52, 53 and 54. While A_ provides a measure i O f the
O

efficiency of the jet condenser as a pumping device, A P provides a
V

convenient means of determining the absolute magnitude of pressure rise

when vapor conditions are specified. All curves shown exhibit the trends
O

for A Pv predicted by analysis:

i. Increasing mass flow ratio produces increasing values
O

of APv" For fixed vapor conditions the value of
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pressure rise increases with increasing mass flow

ratio.

2. Decreasing density ratio (increasing vapor tempera-
o

ture) effects an increase in gP .
v

vapor temperatures do not follow the analytical trend as closely as do

the data obtained for lower vapor temperstures (Figs. 52 and 54). The

probable explanation is that these runs had much lower vapor velocities

(due to the increase in density) and lower pressure rise than test runs

for lower vapor temperatures. Thus a relatively large amount of scatter

is found in the values ofg_ .

ov
Values of AP range from about 20 to 170 on these plots.

v

Therefore, a total of 20 to 170 times the inlet dynamic pressure of the

vapor was added to the inlet vapor pressure during these test runs. It

is very interesting to note that for a fixed set of vapor conditions no

limit on pressure rise is set by the inlet vapor pressure, That is,

whether the inlet pressure is 1.0 psia or i00 psia, the pressure incre-

ment added, g Pa' is increased as the mass flow ratio increases. This

result means the Jet condenser could be very useful for condensing vapor

at a very low turbine exhaust pressure. Problems of excessive pressure

drop or choke flow, which may be common to a direct condenser-radiator,

will be less severe with a jet condenser, since a pressure increase can

be added to the inlet vapor pressure.

A description of variable area jet condenser performance by

plotting non-dimensional pressure rise versus jet utilization factor

was attempted. This approach was valid for the constant area geometry

where a wide range of operating points existed, each corresponding to a

definite value of X. However, for a given density ratio and mass flow

ratio Figs. 45_47 indicate a range of values of X may exist for any design

operating point. In the curves of Fig. 47 the range of X was as much as

24 percent with the interface in the throat. The possible explanation

for the range of values of y which can be accon_nodated is that the large

pressures and dynamic forces occurring at the interface in a variable
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area geometry require much larger changes in heat transfer rate to

effect movement of the interface than in a constant area unit.
O

Figure 55 is a plot of AP_ versus X for the test data
O

of Test Section No. 8. The lack of a definitive relation between AP_

and X is apparent, although somewhat of a trend is indicated. Higher
O

average values of X are associated with higher values of AP_. The
O

reason is that higher values of gPo result from lower mass flow ratios

of liquid to vapor (or lower values of the ratio V_o/VR). Thus for a

fixed density ratio, the lower value of V_o/V R requires higher values of

X in order for the parameter XV%o/VR to remain constant due to the reasons

discussed above. However, as discussed above, a range of X is possible

at any design point. The dashed curves of Fig. 55 denote probable design

limits for X as established by observing interface location during tests.

Comparison with Calculated Pressure Rise

In order to enable more general use of the test results,

experimental performance can be compared to that predicted by analysis

by using the model which incorporated the assumption that the mixing

chamber wall pressure was equal to the inlet vapor pressure (Section 3).

The results are shown in Fig. 56 which plots measured pressure rise

versus calculated. The average deviation appears to be about + 30 percent

and - 25 percent of measured from calculated. Considering the simpli-

fying assumptions of the analysis, possible uncertainties in the values

of density ratio used in the analysis, and the possibility of off-design

operation, the agreement shown is considered to be reasonably good.

Thus, the calculation method used for predicting pressure rise appears

to be useful for preliminary design purposes. The results suggest that

the calculated values would probably provide a low estimate of the pres-

sure rise in Jet condensers.

Examination of the test data for Test Section No. 7, where

•vapor temperature was varied over a wide range, reveals an influence of

jet utilization factor upon the deviation of measured from calculated

pressure rise. Figure 57 contains plots of _a' the ratio of measured to

calculated n_o=,, _ _== _,=_sus _0+ ,,+_i_+_ _+^_ _^_ _c .....

groupings of vapor temperature and injection velocity. These curves

appear to indicate that lower values of X tend to result in values of
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_a greater than unity (measuredpressure rise higher than calculated)

while at higher values of X, Ha falls below unity. Operation of a jet
condenser at higher values of X may therefore result in somedegradation

of pressure rise performance, even though visual observation indicates

behavior is that changing the value of X influences the spatial distribu-

tion of condensation in the mixing region which in turn influences the
flow and wall pressure distribution.

Rangeof Operation

As noted in Fig. 55, useful pressure rise may be obtained

in a jet condenser over a considerable range of operating parameters.

As might be expected, the samecorrelating parameters which determine the

range of operation for which the vapor liquid interface remains in the

throat appear to have the most important influence on pressure rise.

Figure 58 furnishes information on the variation of

pressure rise as the heat transfer parameter V is varied for five test

sequences. These test runs are indentical to those of Fig. 47 where the
influence of _ on condensation length was presented. The ordinate of the

plots of Fig. 58 is _a' the ratio of measured to calculated pressure
rise. This parameter was used to eliminate the effect of variations in

flow rates which produced values of absolute pressure rise which were

different in trend than the actual performance of the jet condenser.

The gross pressure rise characteristics of these plots follow the same

trend as the condensation length. At higher values of _ the interface

moves into the diffuser and pressure rise falls off sharply. At lower
values of _ the interface advancesupstream to the injector and a similar

drop in pressure rise is experienced. However, within the range of
for which the interface is in the throat, appreciable variations in

pressure rise can occur. For example, in the fourth and fifth plots

_a varies from about 0.75 to 1.20 as _varies from 0.019 to 0.031. The

probable explanation for this behavior i s that changing _produces a

change in the heat transfer and hence wall pressure distribution in the

mixing chamber. In addition, while the average position of the interface
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is within the constant area throat (as determined visually), high speed

motion pictures reveal the location to vary. At times, the interface

exists just upstream of the throat in the converging section. Therefore,

lower values of ¥ may increase the time spent in the converging section

by the final interface, resulting in a deleterious effect upon pressure

rise. Similarly, the higher values of _ may result in occurrence of

the interface in the diffuser a fraction of the time with a res,J!ting

decrease in the measured (time average) pressure rise due to momentum

and frictional losses. However, no fluctuations in measured pressures

were noted. Injector Performance

The performance of the liquid injector is indicated

in Fig. 59, which plots _'i versus the dynamic pressure of the injected

liquid. As can be seen, very low values of efficiency were measured.

At higher values of dynamic pressure, values of _i as low as 0.2 were

obtained. However, these values are mainly characteristic of the

experimental setup rather than the injector. The sketch on the bottom

of Fig. 49 indicates the injector configuration which was used. The

measured value of APiincludes the losses from two right angle bends in

addition to contraction and frictional losses. If the contraction

losses(_.3 _V_°2)2g and the first bend loss (_ .9 P_V_5o2)were2g sub-

tracted from AP i the range of _i for the injector would be approximately

1.0 to 0.3. If line friction is included, then values of _]i would

range from about 3.0 to 0.35. Values of _]i greater than unity are

possible when the local pressure at the injector exit is lower then the

values measured upstream due to the highly subcooled liquid and resulting

pressure gradient in the vapor. Thus, injector performance cannot be

defined precisely for the test section geometries used. However,

design of a smoothly contoured injector for an actual application ,

should result in a discharge coefficient greater than about 0.90 for

most cases.

5.3.4 Stability and Startup

_w__...... I aspects _c -.... _........ _......_ j=t _=_z_L_=,_e were

e_:amined which relate to stability and starup of this component. Here,
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stability must be discussed in terms of operation of the jet condenser

component itself and/or interactions with the other components of the

i0 kw test loop. However, the performance observed can be used to

indicate possible trends of stability and startup in a Rankine cycle•

system. For purposes of this discussion, stable operation of the jet

condenser is defined as operation with the following characteristics:

1 _)'_ _ _1,_..7 _I- I-I_ _i_I-1_I-

2. All fluctuations of flow rates, temperatures and

pressures are small (< 1-2 percent) compared tO the

average (measured) values.

3. All flow rates, temperatures and pressures are

controllable.

4. All other components of the test loop operate

with the criteria of No.s 2 and 3.

Stable operation was achieved for the entire range of

variables of Table III. The only flow conditions resulting in unstable

operation are those of run numbers 1-31-2 and 3-15-3a where very low

mass flow ratios, liqu£d velocities and vapor velocities were used. In

this case the instability appeared as large oscillations (+ 50 percent)

in flow rates and pressures and in oscillations in the location of the

vapor-liquid interface (0 to 1 inch). For all other combinations of

the variables listed jet condenser operation was controllable and

measured fluctuations were within the limits indicated above.

As noted in Section 4, the jet condenser was self

regulating for small mis-matches (_ i0 percent) 0f boiler inlet flow to

vapor inlet flow. The initial mis-match resulted in a decrease or

increase in condenser pressure level which then acted to correct the

vapor flow to the proper value.

The regulating properties of these condensers are

illustrated in Fig. 60 which is a record of performance during a drop

in vapor load from 170 Ib/hr to less than 50 Ib/hr. The vapor tempera'

_1,r_, liquid inlet temperature, I_,,____.............._i,_]_ _mnera_ure__ , heat transfer

parameter, _, jet utilization factor,X, vapor flow rate, pressure rise,
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ratio of measured to calculated pressure rise, and liquid flow rate are

plotted versus time following the shut-off of the boiler heaters. The

most significant aspect of these curves is the fact that by varying
the liquid injection temperatur e (as the vapor flow dropped) the vapor
inlet temperature was maintained in the range 540-570°F until final

collapse of the interface. The fact that the liquid flow and/or tempera-

ture can be varied to maintain a constant vapor pressure (and temperature)

at very low vapor flow rates is very important to the use of a jet

condenser in a Rankine cycle system . Current startup methods for these

power systems involve starting the boiler at about I0 percent or less

of rated flow. If a direct condenser-radiator is used, the heat load
is so small that the condenser cannot be maintained at vapor pressures

near rated operating conditions without auxiliary heating or radiation

shields. Operation at near rated pressure is required for satisfactory

pumpperformance Even with these auxiliary devices, stable interface

formation for the low dynamic forces resulting from the lower vapor flow

rates maybe difficult. These problems maybe avoided in a jet condenser

system. Liquid mass flow rate and temperature maybe varied nearly
independently of boiler flow rate in order to maintain constant condenser

and pumpinlet pressures.

Startup of jet condensers in the laboratory loop was
accomplished in several different modes. Probably the simplest was

gradual introduction of vapor to flowing liquid in the test section.
The liquid injection temperature wasadjusted such that the interface

was maintained at the injector. Vapor flow and liquid temperature were

both increased until nearly equal to the desired operating values. At

this point the liquid flow was momentarily perturbed by interrupting

PUmPoperation. This movedvapor into the throat. Reactivation of the

pumpafter 10-12 seconds then produced the final vapor liquid interface

at the throat. The time dependencyof several operating variables during
this startup sequenceare shownin Fig. 61. Steady-state values of

outlet pressure, temperature and flow were established to about 2 percent

within one to two minutes. However, approximately five minutes were
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required for the steady-state value of vapor temperature (555°F) to be

attained (probably due to the thermal lag of the boiler). A large

increase in pressure rise (1.8 to 12.6 psi) occurred as the interface

made the transition from the converging section to the throat. As a+

result of the increase in pressure rise, the liquid circulation increased

from about 2900 ib/hr to 3750 Ib/hr.

The opposite circumstance, collapse of the interface

to the injector location, is recorded in Fig. 62. This collapse resulted

when the condenser was being operated with a value of heat transfer

parameter, 'g, which was too low for the interface to be supported in

the throat location. For this sequence the pressure rise dropped from

15.4 psi to about 1.5 psi. Liquid flow dropped from 4500 Ib/hr to about

3800 ib/hr and vapor temperature increased from 570°F to about 650°F.

Clearly the above behavior is to be avoided for satisfactory operation

of the jet condenser in a Rankine cycle power system. Gross changes in

operating conditions would result from such a change in interface

location. Therefore, the condenser must be operated under heat transfer

conditions (Fig. 45) such that the interface is maintained at the throat

location.

Oscillations in the location of the final vapor-liquid

interface were not apparent from visual observation of the quartz mixing

sections. However, high speed motion pictures revealed small oscilla-

tions (_ + 1/16 inch) to be present with very small periods (_ .005

seconds). Of course these oscillations had no apparent effect upon

measured temperatures and pressures due to the longer response time of

the thermocouples and pressure gages used. However, it is more signifi-

cant that such oscillations had no effect upon the measured flow rates.

Liquid flows were measured using electro-magnetic flow meters where

response was only limited by the electronic circuitry of the micro-

voltmeter used for indication. Therefore, it is felt that the oscilla-

tions observed in the high speed motion pictures will have very small,

if auy, _ffects upon performance of _"--,..-.,_rest of a Rankine cycle system.
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Another interesting aspect of jet condenser operation

which was examined during this program was the process of interface

formation. A high speed motion picture was taken of the injection of

subcooled liquid into a jet condenser initially filled with flowing vapor.

A similar test was conducted with the constant area jet condenser

(Fig. 41) with highly subcooled liquid. For those flow conditions, the inter-

face was formed at the injector. However, _ _h° large d .........

variable area jet condenser tests, liquid flow conditions were set so

that the interface should be formed at the throat. The length of time

required to establish the final interface at that location was sought.

The resulting sequence is shown in Fig. 63. As noted, the time required

from injection until a vapor liquid interface was established in the

throat with all-liquid flow out of the jet condenser was approximately

0.02 seconds.

Further operation resulted in adjustments of the je t

profile and interface shape, but the interface remained at the throat

location. The short time required and the absence of any large oscil-

lations are indicative of the large pressure forces which tend to

maintain the interface at the throat location if the flow parameters

are adjusted such that the required heat transfer rates are attained

(Fig. 45).

To summarize, for the conditions described above, startup

or stability problems were not apparent during jet condenser operation

in the i0 kw test loop. Startup was accomplished from cold conditions

with the loop evacuated and with no external devices (such as reservoirs).

Operation while maintaining a nearly constant vapor inlet pressure during

a variation from design conditions to very low vapor flow rates was demon-

strated. Fluctuations in condensation distance (due probably to variations

in jet heat transfer area) were observed in highspeed motion pictures but

had no apparent effect upon performance. Control, stable operation, and

flow division were achieved using only manually operated controls. Tests

conducted under conditions with very low liquid and vapor dynamic forces
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(smaller than would be used in design applications) resulted in unstable

flow. However, stable operation was achieved for the entire range of

test variables presented in Table III.

5.4 Multi-Tube Jet Condenser

in order to ....... vapu, flow L=L_', L_ v

Rankine cycle power systems, an increase in capacity of the test units

discussed previously is required. Larger capacity can be obtained

either by increasing the physical size of a single unit or by manifolding

several smaller condensers. The former technique would be simplest

but some uncertainty may exist in scaling test results to larger sizes.

Manifolding several smaller condensers would enable use of the

actual test geometries in system design, if performance and stability

did not change. Therefore, the main purpose of the multi-tube tests

was to determine if several (three) smaller jet condensers (0.43 inches

i.d) could be manifolded to condense vapor flow rates typical of a

larger geometry (0.75 inches i,d.) while retaining its performance

character i st ic s.

O

As discussed ifi Section 4, the same area ratios, A 1 (0.895)
O

and A 2 (0.075), were used in the multi-tube units as for the large

diameter geometries.

The theoretical pressure rise characteristics were therefore

identical for both the multi-tube and large diameter test units. Since

the ratios of Lc/dto were also identical (1.3), the values of _ producing

an interface in the throat location should be the same if no manifolding

effects were present. However, as will be indicated below pressure

rise and heat transfer characteristics of the multl-tube test unit were

different from those of the large diameter unit. In addition, problems

of unstable operation were encountered for the experimental arrangement

used.

Heat Transfer

The main sources of comparison of multi-tube heat transfer

data with that of the large d_ameter jet condenser are test run No.'s

5-15-15 through 5-15-18 (Appendix G).
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During these tests the vapor-llquid interfaces were located

at the throat positions for all three test units except for periodic

collapses (cf. below). The values of _ obtained ranged from 0.0800

(_ = 2960) to 0.138 (2 = 2100). These values can be compared to the

average va!ues (for corresponding density ratios) for the large

diameter unit of 0.070 and 0.i00 (cf. Fig. 45). The maximum values of

these density ratios. Therefore, the heat transfer rates (or attainable

values of )< for constant V4b° and VR) appear to be somewhat higher for

the multi-tube unit than for the larger diameter condenser. However,

the differences are small enough that no serious problems should be

present in applying the results for single tube units for a preliminary

estimate of heat transfer.

Pressure Rise and Stability

The pressure rise and stability characteristics of single jet

condensers were seriously degraded when manifolding was attempted.

The maximum values of pressure rise which could be obtained in conjunc-

tion with stable flow conditions were about equal to the dynamic

pressure of the injected liquid. Attempts to operate with higher

values of pressure rise (where significant contributions of the vapor

energy would occur) resulted in severe oscillations of outlet pressure

and flow and periodic collapse of one or more interfaces.

Figure 64 furnishes an illustration of this behavior. The
o

ordinate is Ap6, the ratio of pressure rise to injected liquid dynamic

pressure. Operation at lower mass flow ratios produced very low values
O

of AP6due to the occurrence of the interface in the converging section

or diffuser. Very steady outlet conditions were observed for these

operating points. Attempts to place the interface at the throat

location by adjusting flow rates and/or temperatures always resulted

in very erratic flows and pressures. Usually two interfaces would

back up to the injector and vapor would exit from the remaining con-

denser.
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As the mass flow ratio was increased, somewhat higher values

O O

of AP6 were obtained. For example, a value of 0.75 occurred at m R

equal to 25. For this test run the interfaces were all at the diffuser

exit. Further increases in mass flow ratio (> 25) resulted in flow

conditions where the interfaces would remain the the throat location

for longer periods (_ 5-10 minutes). However, as shown in Fig. 64,

very large fluctuations in pressure rise ocuurreu, ru, L,es_ test

conditions, A_o varied from 0 to 2.0 and Ap from 0 to 7.0 psi. During
4 • a

these oscillations the interfaces would remain in the throat locations

until the upper limit of pressure rises shown were reached. At that

time one interface would collapse to the injector, the pressure rise

would dro P to zero, and the sequence was then repeated. The pressure

rise limits, period of oscillations, and usually the interface which

collapsed were repeatable.

Fluctuations in heattransfer rate and in the nature of the

injected liquid probably provide the disturbances responsible for the

instabilities exhibited. For example the fluctuations and loss of

interface at higher mass flow ratios were induced to occur sooner when

perturbations to the injected' liquid flow in one tube were applied by

changing the inlet valve position (cf Fig. 29). However, when interfaces

occurred in either the converging section or diffuser, perturbations and/or

gross adjustments in the inlet flow in one tube had no apparent influence

on overall performance. Apparently the liquid and vapor flows were

redistributed among the tubes in order to accommodate the mismatch.

To summarize, the multl-tube geometry tested was operated

with stable flow for pressure rises less than the injected liquid

dynamic pressure. Heat transfer characteristics appeared to be similar

to the Iarge diameter jet condensers tested. However, pressure rise

could not be increased above the liquid dynamic pressure without

inducing serious flow oscillations and instabilities. The tests

conducted represent only a cursory investigation of the problems

involved in manifolding such units. Modifications Such as a check

valve arrangement to eliminate feedback of distrubances from one

tube to =LLULL*_L'.... r_y improve performance. Operation with other area

ratios or wall contours may result in different stability characteristics.
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For the present, because of the limited performance characteristics

obtained with the multi-tube set condenser and in view of the more favor-

able results obtained with the large diameter jet condensers, manifolding

cannot be recon_nended for use in a system design. Instead, the scaling

--a,-^-.'_ A.... I^_^,..I ¢,..a.,.r_1-, ,.,,._,, ,,_,_A ,-,., .I,,-,,-,.,.,:,_,,__ f-h_ _:len.7 _,'r_ nf .qin(_Ip

units by a factor of about 16) should probably be applied for preliminary

design of single large jet condensers.
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6. DESIGNAPPLICATIONS

The results of the analysis and experimental investigations described

in the preceding sections can be used for preliminary design of a jet

condenser for a Ranklne cycle power system. Since the heat transfer and

pressure rise characteristics were established for a definite area ratio

(_2 = 0.075) and value of Lc/dto (1.3), design curves and a design

example will be presented for these values only. A summary of the possible

effects of changes in geometry and fluid upon performance will also be

given later.

6.1 Design Relations for _2 = 0.075 and Lc/dto ffi1.3

Application of the results of Sections 3 and 5 to preliminary

design is relatively straightforward if the area ratios of the test

geometries are retained and the scaling criterion of Section 5 is used

for larger size units. The curves presented in this sectlon are derived

from the following assumptions:

i. The heat transfer correlatlon of Fig. 45 (XV¢o/V R vs. _)

is valid for larger geometries if the ratio of condensation

length to inlet diameter is held constant, equal to 1.3.

2. The pressure rise is given by the expressions derived in

Section 3 (which were confirmed by experimental data to

within about + 30 percent).
m

3. For vapor quality less than unity the velocity of the sat-

urated liquid is taken to be negligible compared to the

saturated vapor velocity (slip close to zero). Thus_ heat

transfer and pressure rise are mainly determined by the

ratio of injected liquid flow rate to saturated vapor flow

rate.
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The above assumptions should provide conservatively low estimates

of pressure rise and heat transfer characteristics of a jet condenser for

larger vapor flow rates. The heat transfer scaling criterion, when applied

to the 0.19 inch vapor internal diameter test units, resulted in somewhat

improved heat transfer for the larger (0.75 inch vapor internal diameter)

units. The trend of experimental pressure rise results appeared to be

The lower vapor quality (_ 0.81) test run produced values of

pressure rise and heat transfer parameter, _, which were higher than the

predicted values based on only the saturated vapor flow.

With these assumptions, the results of Sections 3 and 5 were used

to prepare Table V, a summary of design relations for jet condensers (with

the geometric ratios of test units) operating with mercury vapor. The

independent variables for these equations are the saturated vapor mass

flow rate (_vo) , inlet vapor velocity (Vvo) , and the inlet vapor tempera-

ture, density and pressure (Tvo , Pv' Pvo )" The geometric variables of

Items 1 through 8 are determined from contlnuity and the geometric ratios

of the large diameter teBt unit (Test Section No. 8). The relationship

between _, V6o and V R (Item 9a) was determined by trial and error to provide the

best correlation of test results. Item 9b is the heat balance for a jet

condenser. These two equations can be solved to provide a relation between

o
ATsc and AT R and the mass flow ratio, m R . Since Items 12 and 13 show the

dependency of pressure rise upon mass flow ratio, a tradeoff between

pressure rise and temperature drop can therefore be obtained (cf.below).

The nozzle pressure drop can be estimated by dividing the ideal pressure

drop (.for zero approach velocity) by the discharge coefficient squared.

The value given in the table for discharge coefficient was obtained from

Reference 16 as a typical value for a nozzle with rounded approach con-

tours. This calculation assumes a nozzle contraction coefficient of unity.

The approximate relationship between radiator temperature drop,

outlet subcooling and mass flow ratio can be obtained by combining

the equations of Items 9a and 95: Solving for ATsc and AT R gives:
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TABLE V

SUMMARY OF DESIGN RELATIONS FOR MERCURY

JET CONDENSERS USING GEOMETRIC RATIOS OF TEST UNITS

Parameter

i. Tube Inlet Area

2. Inlet Diameter

At. = vo

0.925 PvVvo

1/2
dto = (Ato/.785)

Source

3. Injection Area A6o = 0.075 At,

4. Injector Diameter d4_° = 785)

Continuity

Geometric Relation

. = 1.35 Condensation Length Lc dto
(Converging Chamber

Length)

6. Throat Diameter dtl = d6o/0.947

7. Throat Length Lth = 2 dto

1/2

Area Ratio for Test

Ge .me try

Geometric Relation

Scaling Criterion for

Test Geometries

8. Diffuser Angle• _d = i0°

Area Ratio for Test

Geometry

.

Scaling Criterion for

Test Geometries

I0.

Value for Test

Geome tr ie s

Relation between (a) XVio/V R = K I
Jet Utilization

Factor, Liquid (b) hfg_vo + C AT
Velocity and Relative p sc vo

Vapor Velocity = CpATR_o

K I = 0.075 for Tvo

K 1 = 0.043 for Tvo

(a) Experimental Relation

for Large Diameter

•Test Units, Fig. 45

(b}

= 700°F

= 600°F

Heat Balance

Maximum Values of

Jet Utilization

Factor Tested

X _" 0.95 at T _ 700°F
vo

X _ 0.94 _e T _ _PO°F
vo

Experimental Results

for Large Diameter

Test Unit, Appendix F

(Cont'd)
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TABLEV (Cont' d)

II.

12.

13.

14.

Parameter Design Relation Source

Relation Between >_ = _^m
SC

----- + I
Outlet Subcoollng, ATRRadiator Temperature

Drop, and Jet

Utilization Factor

Definition of X,

Section 3

Pressure Rise Coefficient

Coefficient s

(1-_2) _ < c_, l)2

v 2_\
• i vc vo \ H'

Jet Condenser H_ -- o I_70_ _ j
Power p

\

( o

PLVLo 2

Nozzle Pressure Ap. _ 2

Drop i 2gOd

Results of Analysis,

Section 3. Agreement

•with Test Results from

Large Diameter Units
to Within about + 30

1

percent.

Modification of

Analysis for Pressure

Rise, Section 3

4

Ref. 16, Pgs. 122'125

where Cd _ 0.98

Units and Comments

-Ib/sec, This parameter is the saturated vapor flow which is equal to
VO

the inlet quality multiplied by the total inlet vapor flow

mAo- Ib/sec
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TABLEV (Cont' d)

Pv' P6" ib/ft3

Vvo, V6o, VR - ft/sec

Ato, Ate - ft 2

d_, dp^, Lc, d+1, L._- ft
L.v "L.,V L.J. L*LL

AP i - Ib/ft 2

g- 32.2 (Ibm/Ibf)(ft/sec 2)

Hj - kw

Tvo, ATsc, AT R - oF

hfg - BTU/Ib

C - BTU /ib OF
P

X, K I, A_ A_V , _I' _2' _' &" _th' H_, C d - non-dimenslonal parameters
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ATsc fg

and

/ \

AT R lhfg/Cp _)

I K2
W'--

E1 mR

+ I

K2 -I

I +

i &_
K +
1 mR

K 2
K2" _R "'_1 + _m

R

(39)

(40)

Where K I = value of XV_o V R at a particular _ (41)

from Fig. 45

o

= p _2/(1 - i_2) = 0.081K2 (42)

These relations are shown in Figs. 65 and 66 for vapor tempera-

tures of 600°F and 700°F .(_ _ 6500 and _ _ 2620). Since the curves for

AT are mainly dependent un Fig. 45 for their derivation, a range of
sc

about + 20 percent in the value of AT may be encountered at one mass
-- SC

flow ratio. At any mass flow ratio the values of ATR and ATsc required

for operation of the jet condenser with the interface at the throat location

can be obtained from these curves. The lowest values of ATsc obtained during

testing are Indicated by the dashed portion of the curves. For example, for

Tvo _ 600 ° the smallest value of ATsc obtained during testing with the inter-

face at the throat location was about ll°F. For T = 700°F the lowest sub-
vo

cooling obtained Was 13°F. As larger mass flow ratios are used, the value

of ATsc will increase while the radiator temperature drop, ATR, is lowered.

From Fig. 65 changing the mass flow ratio from 25 to 50 changes AT from
8C

30°F 'to llS°F while AT R drops from 160°F to 80°F. The sum of these two

temperature drops is _shown in both figures for reference and is the total

drop in temperature from the temperature of the inlet vapor to the injected

liquid temperature.
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FIG. 65 PRESSURE RISE, RADIATOR TEMPERATURE DROP

AND OUTLET SUBCOOLING VS MASS FLOW RATIO

FOR JET CONDENSER OPERATING WITH MERCURY

VAPOR AT 600°F, _i = 0.895, 22 : 0.075
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FOR JET CONDENSER OPERATING WITH MERCURY

VAPOR AT 700°F _1 = 0.895 _2"- 0,075
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The decrease of the total temperature drop at lower mass flow

ratios would indicate choice of these operating conditions to obtain

the highest average radiator temperature (Tvo - ATsc - ATR/2). However,

a tradeoff with pressure rise and jet condenser power output exists

.._-^_ _,.+ _ _._'A_A before _h_ _ _h_ _o_. _o_o _i_,. _
_LL _LL LL_

can be made.

In order to provide this information, the two pressure rise

coefficients, A_45 and Agv '' and the jet condenser power parameter, Hj',

were calculated and are plotted versus mass flow ratio on the same figures.

o = 700°F and at
The useful power output exhibits maxima at m R = 60 for Tvo

o
m R = 93 for Tvo = 600°F. However, these values of mass flow ratio result

in excessively high values of outlet subcooling for the geometry considered.

A decrease in power output is therefore required to be able to use lower

values of total temperature drop, For example, from Fig. . 65 changing mass

flow ratio from 90 to 30 results in a change of the power parameter from

about 1400 to 620 and the total temperature drop decreases from 217°F

to 185°F. The corresponding changes in AT ATR, _P_ and A_ areSO' V

172OF to 55°F, 45°F to 1"32°F, 1.0 to 2.0, and 205 to 40. These curves,

therefore, relate jet condenser heat transfer and pressure rise performance

characteristics to system parameters such that weight tradeoffs can be

established when sufficient information on the liquid heat rejection loop

and radiator characteristics are available.

6.2 D esiKn Example

In order to illustrate the use of the above relations an example

will be given in this section. Consider the following variables to be

fixed for the design:

T = 600°F (Pv = 0. 125 Ib/ft 3, P _ 7 psia)
vo vo

_vo/Xvo = 7200 ib/hr (total vapor fl0w rate)

x = 0.95
vo

V = 200 fps
vo
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try:

Items 1 through 8 of Table V can be used to determine the geome-

47200) 4"95) = 0.0821 ft 2
i. Ato = (.925)(.125)(200)(3600)

1/2
2. d. = (.0821/.785)

EO

3. A. ffi (0.075)(0.0821)
_O

= 0.322 ft

= 0.00615 ft 2

4. d_o (.00615/.785) 1/2= = .0885 ft

5. L = (1.3)(.322) = 0.418 ft
C

6. dtl = 0.0885/.947 = 0.0935 ft

7. Lth = (2)(.322) = 0.644 ft

8. _d = I00

If the design temperature were chosen to be other than 600°F or

700°F then Items 9 through 13 of Table V would be used to find the mass flow

O

ratio, mR, which gave the best combination of ATsc , ATR and pressure rise

for the rest of the system. However, for this case, Fig. 65, which was

computed for T - 600°F can be used. Since information on the other
VO

components of this type of heat rejection system is not available for this

example, a typical value of % will be selected to indicate the values of
O

other parameters resulting from this choice. If mR = 30 is chosen, then

from Fig. 65:

AT = 55°F
sc

AT R = 132°F

= 2.0
A_ = 44

V

Hj' = 630
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In order to determine the absolute magnitude of pressure rise and

pumping power, it is necessary to determine the dynamic pressure terms.

O

{%o = mR {n = (30)(.95)(7200) = 2.05 x 105 Ib/hr (43)vo

V. = _. /p.A° _ (2.05 x I05)/(800)(.006i5)(3600) = 11.6 fus (&&)
_U 40 _ 40 ........ "- "

04V602/2g = (800)(11,6)2/64;4 = 1670 psf = 11,6 psi

PvVvo2/2g = (.125)(200)2/64.4 = 77.6 psf = .540 psi

The total pressure rise is then:

_Pa = (2.0)(11.6) = 23.2 psi

The ideal pumping power available for circulation of the outlet

liquid through the l£quid radiator loop is

V 2 {n
, i vo vo (630)

Hj = Hj _ 1470g = (6500)

Due to a discharge coefficient less than unity the power available

for circulation of liquid external to the jet condenser would be somewhat
o

reduced. For Cd = 0.98 and Ap6 = 2 the power output would become

2 - (1/.98) 2 .156 = .15 kw.

(200) 2 (2) (.95)

(1470) (g) = .156 kw (45)

be low

The above jet condenser flow conditions are shown schematically

%o = 7200/Xvo Ib/_r

Vap0_vo "600°F

vo 0.95

'] Pvo 7.0 psia

_Vvo = 200 fps _.J

Liquid

CondenserJet i..7.[_ = 2.77 X 105 lb/hr--_

__e _'T" to liquid

'_--Liquid_ T6e; = 545°F J I radiator

m_ ° = 2.05 x 10 _ lb/hr 7200 lb/hr to

T_o = 413OF boiler pump

P. = 19.1 psia
i

frL-:: °l iq::: 6r :::a t or
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The above example demonstrates typical performance for a jet

condenser system which appears attainable wlthoutchanglng any geometric

ratios. As indicated in Sections 3 and 5, increases in pressure rise and

power output may be obtained by use of a smaller ratio of injector area

to tube area and/or by operating at higher mass flow ratios. The value of

.-- . ^.

ATsc can be lowered by use of a longer condensation distance _Lc/ato > i._)

and/or by operating at a lower mass flow ratio. For example, as indicated

in Fig. 65, values of AT as low as ll°F were obtained at the lower mass
sc

flow ratios. The maximum performance potential of jet condensers can

be estimated using the analytical results of Section 3 but until con-

firmed for other geometries, they should not be used as the basis of

system design.
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7. CONCLUDINGREMARKS

The present investigation has provided performance characteristics

of jet condensers using a liquid metal working fluid (mercury). Design

relations have been prepared for a specific geometry for preliminary

design of jet condensers for space power systems operating on the Rankine

cycle with mercury as the working fluid.

The most significant result of this program was demonstration of the

high values of pressure rise possible in convergent-divergent Jet

condensers. Absolute values ef pressure rise as high as 62 psld were

obtained. Values of the ratio of pressure rise to the dynamic pressure

of injected liquid ranged up to 12.2. The latter result was obtained

through the conversion of vapor thermal energy to mechanical energy in

the outlet liquid. Thus, the jet condensers tested performed both as

condensers and as vapor driven circulation pumps. The experimental

values of pressure rise for larger geometries agree to within about

+ 30 percent and - 25 percent with values predicted by the analysis. The

recommended equation for predicted pressure rise is:

2

(The varlous non-dlmensional coefficients and ratios are defined in the

Nomenclature Table at the front of the report and are discussed in

Section 3.)

Scaling relations were applied to test results obtained for small

diameter units (0.19 inches i.d.) to design larger (0.75 inches i.d.)

jet condenser geometries. These larger units performed with all-liquid

flow at the outlet and fluctuations of pressures, flows and temperatures

(46)
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which were less than 1 - 2 percent of the average values. Simple startup
techniques were possible and no gravity effects on the final interface

were observed. Values of the heat transfer parameter, _, ranged from

0 to 40 percent (depending on vapor temperature) greater than values

obtained for the smaller units. Thus, for the samevalues of V6o and

VR ' _--'-_- .... tL _.__ , ., _ .......L_L_UL values of X were UUL_-IIeu for Erie large ulameEer jeE condensers

than for the smaller geometries.

Results of cursory tests conducted on a multi-tube jet condenser

indicate performance to be degraded from single units. Both stability

and pressure rise were affected by the particular manifolding used in

the one unit tested in this program. Further study of multi-tube units

is needed.

Performance of jet condensers with other geometric variables and

other liquid metals can be estimated using the results of the pressure

rise and heat transfer analyses reported in Section 3. However, experi-

mental verification should be obtained before these estimates are used

as the basis for preliminary design.

In order to provide more general results for design of mercury systems,

several parameters should be varied in a manner not possible during the

present program. Changes in injector-tube area ratio, convergence angle

(ratio of Lc/dto ), and injector-throat area ratio should be studied

further. Operation with near sonic inlet vapor velocities and more exten-

sive tests with vapor qualities less than unity should be conducted. In

addition to steady-state performance testing, the interactions of jet

condensers with other components of a Rankine cycle system should be

studied. Performance should be determined during startup at very low

vapor flow rates and subsequently , during transition to design operating

conditions. Internal measurements of pressure distribution in the mixing

chamber should enable a more accurate pressure rise prediction method

to be •formulated.

Results from investigations using mercury as a working fluid may be

somewhat applicable to other liquid metals such as potassium or rubidium.

For example, the pressure rise characteristics predicted by Equation 46
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should be valid for any fluid since the density ratio is the only fluid

property appearing. A similar expression offered satisfactory agreement

with constant area test results obtained both with mercury and with water

(Ref. 4). Surface tension forces in jet condensers are very small

(< i percent) compared with the large liquid and Vapor inertial forces

occurring. Therefore, whether the fluid is non-wetting or wetting

should not have an important influence upon stability __2 _............duu/uL pL_uL_

rise. However, in view of the potential application of jet condensers

to alkali metal power systems, the performance Characteristics with

these fluids should be determined experimentally.
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APPENDIX A

CONSTANT AREA JET CONDENSER PRESSURE RISE

The model used. for constant area calculations is shown below.

HIIIIIIIIIIIIIIIIIII/IIIIIII_

. p _ --?...'_

. t ...... .L"_

II 1 IIIIIIIIIIIIIIIITIIIII
0 2

iiii 

/"'_m ' mY 2 V2' P2

_2

Vapor and liquid are injected at Station 0. Condensation of the vapor

takes place as the flow proceeds downstream. The injected liquid serves

as a heat and mass sink for the condensing vapor. At some point within

the control volume (denoted by the dashed boundary), a vapor-liquid

interface occurs. The exit point, designated by the subscript 2, is

defined as the downstream station where the flow is homogenous (but

not necessarily all liquid) and in thermal equilibrium. The radial

pressure profile at the end points is taken to be constant and wall

friction is neglected. Furthermore, the assumption is made that the

saturated liquid (quality less than I) associated with the entering

vapor is traveling at the same velocity as the vapor (no "slip").

Using these assumptions, the equation of conservation of momentum for

the control volume becomes:
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_LoVLo+ _ Vvo vo + mfVvo + P A
o t

g g g

_2v____/2+ _vzv2 + P2At
g g

The quality at station 0 is given by:

X _ "-,m

VO * +nt¢o _f

(i)

(2)

for complete condensation mv2 = 0.

_LoV_o + _vovv.__..__o+Pt
g _vo

Substituting (2) in (i) gives

= _2V_2 + P_t

g

(3)

However

V_ ° = f,o
P_A_o

(4)

V _ v_.__E_o
VO A

Pv vo

(5)

(6)

*n_2 = mLo + *nvoFvo (7)

or

Substituting (4), (5), (6), and (7) into (3) gives

2 _ 2 . ,_vo/Xvo )2

_o vo + PoAt (m_o +---- = g_At. + _÷t_o_A_o+ _vA Xvo

• 2 _ 2
m_o vo

P2 " P = " +o g_A_o_ _#_oAJvo gO _A t

(8)

(9)
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if the inlet quality is unity then eq. 9 becomes,

• 2 _ 2 . . 2
m_o vo (m_o + mvo)

P2 - P = +
• A 2o gp _A_oA t go vAvoA t gob t

Dividing by p V%o_/2g gives:

o 2 A 2

= ..9__ - (I+I 2 2
p_V_oZ/2g A t + o 2

m R AvoA t A t

(I0)

(ll)

If the following definition is made

A_--_°- _z
A

t

(12)

then:

L mR
(13)

If the pressure rise referred to the inlet vapor dynamic pressure

is desired then,

o 2
P£V_o2/2g mR (i-_2)2

(14)

or substituting (14)in (13) gives

2(I'_ 2)

O

P

2

(,_ + 1) (15)
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APPENDIX B

CONVFAGING-DIVERGING JET CONDENSER

'I'_3'IGIND_'TITPAT "II)Dl_(_lTll)_ _T_W

The general equation for the theoretical pressure rise from vapor

to outlet condensate in a converging-diverging jet condenser can be

obtained by application of the conservation equations. Lack of infor-

mation on the detailed nature of the internal flow, however, prevents

a definite result for pressure rise in terms of inlet flow parameters

and condenser geometry. Numerical results will therefore bepresented

for Certain limiting cases which may be likely to occur in a convergent-

divergent jet condenser.

General Equation

Consider the geometry of Fig. B-I. Subcooled liquid enters the

condenser from the left in the form of a central jet. Vapor flows from

left to right in an annulus about the liquid jet. At station (I) the

vapor flow is entirely condensed and an interface is formed. The result-

ing flow, which is entirely liquid, is diffused from the area at (I) to

the original tube area, which occurs at station (2). For deriving the

general equation the following assumptions will be made:

I. Liquid pressure equals vapor pressure at station 0

2. No heat loss from the condenser wall

3. Entering vapor quality equals unity

4. Homogeneous flow within each phase exists at all stations.

(No mixing losses.)

5. The radial pressure gradient at the inlet and outlet are zero.
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VAPOR- LIQUID INTERFACE

CONSTANT AREA THROAT

UQUlOC_,o,Po.plo._So) L.GuIoCT,.._.pZ2._t_

I- L

At2" Ato 2.<, CONE ANGLE OF

CONVERGING
SECTION

FIG. B-I JET CONDENSER NOMENCLATURE AND MODEL OF
ANALYSIS OF PRESSURE RISE
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With these assumptions conservation of momentum from 0 to I

yields the following expression:

V
VO VO

g

. iI
+ P_A___ + + P_A_ = T__A cos _ + P _d tan a dx

u vu g u _u w w O w t
0

+ PIAtl + g

(i)

Conservation of energy from 1 to 2 gives

2 2 V 2
PI + P%V£1/2g = P2 + P_V_ 2/2g + Kd Pl LI/2g (2)

Solving for PI from (I) gives:

P1 --PoAto/Atl+ _v0Vvo/_tl+ _oV_o/gAtl-_rVn/gAtl

x 1

- 7A w cos _/Atl -_ Pw_dttan c_ dx/Atl

0

Substituting for Pl.in equation (2) and solving for P2 gives:

(3)

P2 = PoAto/Atl + (1/gAtl) (_voVvo+ _oV_o " %VL1)

- o_V_1212g + 0£V_1212g (l'Kd) " _w Aw cos _/Atl

j1- Pw_dttan _ dx/Atl

0

However, from continuity:

= _ I_AVvo vo vo

(4)

(5)

1.588-Final II B-3



vt, o = _o/O_A_o

V_1 = _T/P_Atl

VL2 = mT/PLAt2

Substitution into (4) yields the following expression:

P2-Po = t_pa

(6)

(7)

(8)

" Po (Ato/Atl - I) + (I/gAtl)(_vo2/PvAo + _o2/0_A_o- _T 2/p_Atl )

+ (!-K d) mT2/2gp_Atl - _212g0_At22-TwAw cos _/Atl

0

PwXdttan_ dx/Atl

(9)

Relating tube area and injector area to vapor and liquid gives:

• - - TwAwcos @/A - _ Pw_dttan _ dx/Atl+ (_'_2/2gp _ ) _/Ato tl

0

Equation I0 expresses the total pressure rise in terms of (I) geom-

etry and inlet flow parameters and (2) two unknown terms which contain

properties of the boundary flow; i.e., the shear stress of the vapor

on thewall and the internal vapor pressure distribution at the wall.

In order to obtain numerical results assumptions must be made of the

value of these quantities. In all cases it is felt that the friction

term is small relative to the total pressure rise. (The extremely short

condensation distances, relative to direct condensers, and high values

of APa measured during testing support this simplification.) Other

assumptions related to the wall pressure integral will now be treated.

Constant Chamber Wall Pressure = Vapor Inlet Pressure

Perhaps the simplest model which can be formulated is constant

vapor pressure in the condensing chamber. This model of flow would he

approached if the rate of vapor mass condensed on the jet is such that
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in the axial direction:

I/_ c _c/bX = 1/At bAt/_x (II)

However, even if this relation were not satisfied, the relation
between the rate of condensation and chamber contour may be such that

the flow process occurs with nearly constant vapor pressure.

_UDStltut!on or _ = r into the pressure..... -"[Ic_l._"J- tcLm uf c_u=tiu. _J_
w, o

and neglecting vapor friction (Tw = O) and diffuser losses (K d = O) gives

• . 2 _Atl}/At i_ (12)

or APth = P1 " Po = (1/gAtl) mvo2/pv(Ato'A_o ) ] + [m._o /P-gA£o] " [ m2'_Ati (13)

This expression relates the pressure rise from the vapor inlet to

the throat in terms of inlet flow parameters and geometry. Equation (13)

may be made non-dimensional by' dividing either by the injected liquid

dynamic pressure or the inlet vapor dynamic pressure:

O

)Pth = iPl - Po /P_V_o2/2g = (_Pth) (2gPpA_o21m_o 2)

for convenience let the following definitions hold

A_olAtl = _i

A olAto --

Atl/Ato = _2/_i = _th

O

r  ol vo =-mR

0

P_/Pv - p
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Equation (14) then becomes

Similarly:

^8
thv

o _2P

PI 2 1" Po . ,) i t1_P._

_' L "r -PJ_°_I2g- "_2 "-°2' _ _2 1

(15)

I o2 1- 2) +
= 2.(1"A2)-- l+ mR ( 1)2 (1 -

Jth _ _2 _ _th

(16)

and the relation between _th_ and _thv is:

re°R2 (1-_2 )2

thv--7 _th_
p. (_2) 2

(17)

The additional pressure gain experienced through the diffuser is

obtained from equation (I0) in a similar fashion:

or

AP_ = APa/P_Vp, o2/2g = 2"_1 i

o O

P A 2
+

o 2
m R I--_2

(1+1 )2A

2mT 1 1
+ A_o o-----2 2 - -

m_o I Ato

o P

= 2_ 1 i +----o2 1/°)2 + (18)APt,

mR (I-A 2)

and

2(i-_2) I
o APa/PvVvo2/mg (I-_2) [ oR (_ +o i)APv = = 2 i + _i |

_th L _"2 _] P [_th I
L _1

(19)
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Constant Chamber Wall Pressure = Outlet Saturation Pressure

A more sophisticated treatment of the pressure rise analysis would

include the fact that a variation of wall pressure occurs in the mixing

chamber; hence the integral term in equation (I0) is not as simple as

in the case above. In order to illustrate the importance of this effect

,,nnn nr_11rp rJ_p_ _ limiting _ase will be considered_ Tn Fig.rp B-i

consider that condensation of the inlet vapor occurs immediately after

station O. That is, the jet temperature is raised to Tf, the outlet

temperature immediately after station 0. The chamber pressure would

then take the value of saturation vapor pressure corresponding to the

temperature Tf (PTf). If the pressure were to drop any lower, liquid

would evaporate from the jet to raise the vapor pressure to PTf (since

equilibrium vapor liquid flow is assumed). Similarly any increases in

vapor pressure would result in equilibrium condensation on the jet to

reduce the vapor pressure to PTf"

The inlet conditions (cf. Figure B-l) are the same and the only

term of equation (i0) affected (other than friction) is the pressure

integral• With these assumptions equation (i0) becomes:

,r vo
P2-Po = p _ " +o gAtl _v (A--_oCA_o

0

2 . 2

• )+
P_A%o PtAtl •

PTf _ dt tan _ dx

Atl

2

°_Atl gAtl Pv(Ato-A_o )

1 1 (Ato " At

At I

2

p_A£ o

{20)

1588-Final II B-7



or rearranging gives

At-_°- I)&PLP " P2 - Po = (Po - PTf ) Atl

• 2
/ z I\

2gp_

gAtl _v(Ato-A_o) + • 2P l,A._o P--_t

/ *'11%

L,_J-)

subtracting the expression for constant pressure from equation 21 gives

£_PLP " APe = (Po " PTf )kAtl (Po " PTf ) - i (.22)

Linear Variation in Chamber Wall Pressure

The case of a linear variation in chamber pressure will also be con-

sidered. If the pressure is assumed to vary from P the inlet vapor
vo'

pressure, to PTf' the saturation pressure, then the wall pressure integral

in equation I0 beco_s

X I

Pw

0

d t tan _ dx
p X dtl_

= n tan _ ( (Pvo " PTf)(dto - dtl) dx

X I

+ XI [(Pvo -PTf)(dtl) + (dto " dtl)PTf]dx
0

+_ PTf dtl d

0

(24)

(23)
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but

tan
_I_ (Pvo - PTf)(dto - dtl)

x, ,}+ _- [(Pvo " PTf)dtl + (dto - dtl)PTf]+ PTf dtl X

= _ tan _ X r(Pvo - PTf )(dto - dr! )

11 3

+

(tan _) (XI) =

(Pro - PTf)dt! + (dto " dt!)PTf

dto - dtl

q

+ PTf dtlJ

2 (25)

= I E(Pvo - PTf)_(dto - dtl)2 (Pvo - PTf)_dt - dtl ).. the wall integral _ 3 + l(dt°
2

P2-Po

2

+ PTf _(dto - dtl) _dtl _ dtl) ]2 + PTf (dto (26)
.J

Substitution of equation (2_into equation (i0) and rearranging gives

o - PTf ) _(dto - at1)

o_Atl 6 Atl 4 Atl

PTf _(dto - d_l)2 PTf _dtl(dto - dtl)

4 Atl 2 Atl

(Po - PTf ) _dtl(dto - dtl)

o 2

+ i_7__[ %o
gAtl Pv(Ato-A%o

o 2 02 02

r+ m_° mT + _ _ + _ (27)

p%A_o P%Atl 2gp% EArl2 At °

Subtracting the expression derived for constant inlet pressure from

equation 26 gives

Ap a o- = Po _ " -

A2

2

- PTf) _(dto - dtl)

(Po - PTf ) _dtl(dto - dtl)

6 Atl

PTf _(dto - dtl)

4 Atl 4 Atl

P_: _ d . (d. - d .)

2 Atl
k_o)
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Interface Downstream of Throat

The effect of incomplete condensation of the inlet vapor flow rate

upon condenser pressure rise can be illustrated in a simple example.

Consider the constant vapor pressure model to hold through the vapor

central liquid Jet is coherent up to the place of formation of the

interface. It is then desired to express the theoretical pressure rise

for a given set of inlet conditions as a function of the location of the

interface in the converging section of Figure B-I. With the assumptions

above and neglecting friction, the effect of changing interface location

is to change _i in equation (18). If Xd is the distance from the throat

to the interface location in the diffuser then:

o0 0 r . .

_ = 2A1 + _dt_ + _2 1.A2j

(29)

or ¸

o o __ i

AP_ = 2A I I + n_R2 Xd
I-A2J i+- tan_

r

I + A 1 Xd + A 2
RJ i + -- tan_

r

(30)

1588-Final II B-IO



APPENDIXC
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APPENDIX C

JET CONDENSER ENERGY CONSERVATION

Consider the figure of Appendix B.

losses the energy equation written between 0) and 2) is:

o 9

h + _ + ' Vvo_/2J) + " V_o'/2J)vo vo o h_o (mvo' (m%o

where

= nlT h 2 + (_ V22/2j)

= mass flow rate

h = enthalpy

Neglecting friction and heat

(1)

V = velocity

Substituting for velocities in terms of the mass flow rates gives:

• (_vo3/pv (_ o3/p%o 2 2 2J)rh h + + 2A 2 2J) + Alovo vo m_o h_o vo

A2 2_f h 2 + (_31pp,22 2J) (2)

Further rearrangement gives:

Uvo + (Pvo/Pv J) + (_vo 21"pv2 Avo2g2J) +_Fu£°L + (PP.o/0_OJ) + (m0o 2/p 0o2 A

• 2 2 A22g2J ] (3)= + 1) [u2 + (P2/p _2 J) + (mvo + mLo) logo

For a particular design the left side of Eq. 3 is fixed. The right

side then furnishes information as to the exchange of outlet internal

energy (u2) or temperature for a high outlet pressure (P2). Consider, for

example, the following set of conditions which are representative of a

test run (No. I0-28-12, cf Appendix D).

o

mR = 24.5
rh = 44.8 Ib/hr = 3.87 x I0 -4 slugs/sec
vo

m_o = 1096 Ib/hr = 9.45 x 10 -3 slugs/sec

T = 684 ° F
vo

T. = 284 ° F
zo

-4 9
A = 1.82 x 10 ft"

vo

1588-Final C-I



A = 1.473 x 10-5 ft 2
o slugs/ft 30 = 0.29 Ib/ft 3 -- 0.900 x 10-2
v

= 825 Ib/ft 3 -- 25.6 slugs/ft 3
P_o

A2 = 1.967 x 10-4 ft 2

P_2 _ 802 Ib/ft 3 = 24.9 slugs/ft 3
= =9uu Ibf/f_rvo o

Then the following equation holds:

[hvo + (3.87 x 10"4)2/(0.9 x 10-2) 2 (1.82 x 10-4) 2 (2)(778)(32.2)]

+ (9.45 x 10"3) 2 (24.5)/(25.6) 2 (1.473 x 10"5)2(2)(778)(32.2)]+[24.5 o

= 25.5 h 2 + (25.5)(9.84 x 10-3)2/(24.9)2(1.967) 2 (10-8)(2)(778)(32.2 ) (4)

or

h 2 _ 0.0392 hvo + 0.962 h_o + 0.0561 (5)

and

h _ 169 BTU/Ibm
vo

h9 _ 30.7 BTU/Ibmo

Therefore for the example considered

h 2 _ 6.62 + 29.5 +'0.06 _ 36.2 BTU/Ibm _ (6)

or

u 2 + P2/O_2 J _ 36.2 (7)

In order for Eq. 7 to be satisfied, increases in outlet pressure, P2

must be accompanied by a decrease in outlet temperature T 2. In order to

illustrate the magnitude of this effect first consider the case of no

pressure rise or P2 -- 2960 psf

then

u 2 + 2960/802 x 778 -- 36.2

u 2 = 36.2 - .00473 (8)

For the actual case, which was a pressure rise of 62 psi the outlet

internal energy is given by

!

u 2 -- 36.2 -.0190
(9)
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The change in internal energy is then given by

_u2 = C _T2 _ 0.0143 BTU/IbmP
or

0_11, oU_J = 0.447° F
AT2 _ 0.032

This .......resu_ shows then, Lna_ the trade oL thermal for pressure energy

at the spray condenser outlet can be accomplished for large pressure rises

(62 psi) and high ratios of outlet pressure to vapor pressure (4) with

very small decreases in internal energy (0.0395%) and temperature (0.44_F)

of the outlet liquid.
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APPENDIX D

CONSTANT AREA JET CONDENSER TEST DATA
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APPENDIX E

SMALL DIAMETER VARIABLE AREA JET CONDENSER TEST DATA
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APPENDIX F

LARGE DIAMETER VARIABLE AREA JET CONDENSER TEST DATA
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APPENDIX G

MULTI TUBE JET CONDENSER
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